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REMARKS 

Entry of the foregoing, re-examination and reconsideration of the subject matter 
identified in caption, as amended, pursuant to and consistent with 37 C.F.R. §1.112, and in light 
of the remarks which follow, are respectfully requested. 

Claims 1, 5, 8, 9, 16 and 17 have been amended in response to issues raised in the Office 
Action. Claims 1-3, 5, 7-13 and 16-22 remain pending in this application. 

Claims 6, 8, 9 and 14-17 were rejected under 35 U.S.C. §112, second paragraph, as being 
indefinite for the reasons set forth in paragraph (1) of the Office Action. Withdrawal of this 
rejection is respectfully requested in view of the above amendments and the following remarks. 

Claims 4, 6, 14 and 15 have been canceled and their features added to claim 1 . Claim 8 
has been amended to delete the terminology objected to by the Examiner and claim 9 has been 
amended to add Markush terminology. With respect to the objection to original claim 14, claim 
1 specifies that the weight percent of the water-miscible solvent is based on the overall solids 
content of the mixture. Support may be fovmd in claim 16, which indicates that the amoimt of 
liquid dispersant (water) is based on the solids content of the mixture. 

In view of the above, the §112, second paragraph rejection has been obviated and should 
be withdrawn. 

Claims 1-22 were rejected under 35 U.S.C, §112, first paragraph, for the reasons given in 
paragraphs (2), (3) and (4) of the Official Action. Reconsideration and withdrawal of these 
rejections are respectfully requested for at least the following reasons. 

With respect to the issue raised in paragraph (2) of the Office Action, Applicants submit 
that they have never equated glass transition temperature (Tg) to melting temperatvire (Tm). 
This is apparent from the discussion on page 7, lines 4-6, of the Specification. 

Concerning the Examiner's comment that tensile modulus may not be measurable for a 
material above its melting point. Applicants submit herewith an article entitled 'Shape-Memory 
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Polymers" (Angew. Chem. Int., Ed. 2002, 41, 2034-2057) and direct the Examiner's attention 
specifically to pages 2036 and 2042. Upon review thereof, it will be noted that the melting 
temperature is used to describe the properties of a shape-memory polymer. The melting 
temperature refers to the melting temperature of one of the blocks of a di-block shape-memory 
polymer. It is generally known that such di-block shape-memory polymers remain as a solid 
even if the surrounding temperature is higher than the melting temperature of one of the blocks. 
Therefore, tensile modulus is still measurable for such di-block shape-memory polymers in such 
cases. The polyurethanes synthesized according to the method of the present invention are 
shape-memory di-block polymers. 

With respect to the issue raised in paragraph (3), Applicants respectfully submit that the 
range of -30° to 80°C is only a preferred range. Note page 4, lines 7-8, of the Specification. 
The scope of enablement in the present application is commensurate in scope with the claims 
when considered as a whole. Those skilled in the art would be able to practice the claimed 
invention given the information in the disclosure coupled with the level of knowledge and skill 
in the art. The scope of enablement only needs to bear a "reasonable correlation" to the scope of 
the claims. As the Court stated in In re Goffe, 542 F.2d 564,567, 191 U.S.P.Q. 429, 431 (CCPA 
1976). "[T]o provide effective incentives, claims must adequately protect inventors. To demand 
that the first to disclose shall limit his claims to what he has found will work or to materials 
which meet the guidelines specified for "preferred" materials in a process such as the one herein 
involved would not service the constitutional purpose of promoting progress in the useful arts." 

Concerning the issue raised in paragraph (4) of the Action, Applicants note that the role 
of the neutralizer is to capture the active hydrogens of the alcohols, phenols, carboxylic acids, 
etc. which may be present or released during the course of the reaction. In this regard, note page 
4, lines 27-28 and page 5, lines 17-22, of the Specification. Accordingly, Applicants disagree 
with the Examiner's statement that "the neutralizer is not seen to have any material effect on a 
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chain extender that lacks the carboxylic acid group." Thus, Applicants have explained the 
function of the neutralizer both in the specification and the claims. 

With regard to the objection against enablement of the polyurethanes as recited in claims 
19-22, Applicants respectfully disagree with the Examiner's position. The ratio of the reactants, 
the selection of appropriate reactants, and other conditions have been clearly recited in the 
Specification and in the process claims. Those of ordinary skill would be able to prepare 
polyurethanes without resorting to undue experimentation. 

For at least the above reasons, the §112, first paragraph rejection should be withdrawn. 
Such action is eamestly requested. 

Claims 1-12 and 14-22 were rejected under 35 U.S.C. §102(b) as anticipated by U.S. 
Patent No. 6,239,213 (Ramanathan et al) for the reasons set forth in paragraph (6) of the Office 
Action. Claims 1-13 and 18-22 were also rejected under 35 U.S.C. §102(b) as anticipated by 
U.S. Patent No. 5,270,433 (Klauck et al) for the reasons set forth in paragraph (7) of the Official 
Action. Reconsideration and withdrawal of these rejections are requested in view of the above 
amendments and for at least the following reasons. 

Ramanathan et ar213 discloses the preparation of polyurethane aqueous dispersions by 
reacting a polyester polyol with a compound containing an ionizable group, specifically an 
organic compound containing at least one active hydrogen, followed by the addition of a 
polyisocyanate to form a polyurethane prepolymer containing ionizable groups which provide 
improved water-dispersibility. In contrast, the presently claimed process reacts a difunctional 
alcohol with a difunctional isocyanate, then adds a chain extender to the reaction mixture. This 
distinction leads to different products. 

Klauck et al *433 requires the use of tetramethyl xylene diisocyanate. This component is 
excluded from the present claims. 
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Furthermore, the currently amended claims are also inventive over Ramanathan et al '213 
and Klauck et al '433 as both of these references are directed to polyurethane compositions that 
are used as adhesives or coatings. As recited in Ramanathan et ar213 and Klauck et al *433, and 
as generally known in the art, such adhesives or coatings are required to have good abrasion 
resistance, toughness and durability. By contrast, the present invention is directed to the 
synthesis of shape-memory polyurethane dispersions, which have significantly different physical 
properties from those of adhesives or coatings. The polyurethanes of Ramanathan et ar213 and 
Klauck et al '433 do not have shape-memory properties. Therefore, there would have been no 
motivation to one skilled in the art to modify the teachings in Ramanathan et ar213 and Klauck 
et al '433, or their combinations, to result in the present invention. 

In view of the above, the § 102(b) rejections over Ramanathan et al '213 and Klauck et al 
'433 should be reconsidered and withdrawn. Such action is earnestly solicited. 

From the foregoing, further and favorable action in the form of a Notice of Allowance is 
believed to be next in order and such action is earnestly solicited. If there are any questions 
concerning this paper or the application in general, the Examiner is invited to telephone the 
undersigned at (703) 838-6683 at his earliest convenience. 



Respectfully submitted. 
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Material scientisu predict a prominent 
role In :he future for self-repairing and 
incelUgenc materials. Throughoui the 
last few years, this concept has found 
growing interest as a result of the rise 
of a new class of polymers. These so- 
called shape-memory polymers by far 
suipass well-known metallic shape- 
memory alloys in their shape-memory 
properties. As a consequence of the 
relatively easy manufacture and pro- 
gramming of shape-memory polymers. 



these materials represent a cheap and 
efficient alternative to well-established 
shape-memory alloys. Tn shape-memo- 
ry polymers, the consequences of an 
intended or accidental deformation 
caused by an external force can be 
ironed out by heating the material 
above a defined cransition tempera- 
ture. This effect can be achieved be- 
cause of the given flexibility of ihc 
polymer chains. When the importance 
of polymeric materials in our daily life 



is taken into considt^ration, we find a 
very broad, additional spectrum of 
possible applications for iflielltgeni 
polymers that covers an area from 
minimally invasive surgery through 
high-performance cexliies, up xo self- 
repairing plastic components in every 
kind of transportation vehicles. 

Keywords: block copolymcn • mate- 
rial science ' polyincrs • shape-mem- 

ory polymenj 



L Introduction 

Shape-memory materials are stimuli-responsive materials. 
They have the capability of changing their shape upon 
application of an external stimulus. A change in shape caused 
by a change in temperature is called a thermally induced 
shape-memory effect. The main focus of this review article is 
on thermoiespotxsive shape-memory polymers. The shape- 
memory effect LS not related to a specific material property ot 
single polymers; it rather results from a combination of the 
polymer structure and the polymer morphology together with 
ihe applied processing and programming technology. Shape- 
memory behavior can be observed lor several polymers that 
may differ significantly in their chemical composition. How- 
ever, only a few shape-memory polymers arc described in the 
literature. The process of programming and recovery of a 
shape is shown schematically in Figure I. First, the polymer is 
conventionally processed to receive its permanent shape, 
Aftervtards, the polymer is deformed and the intended 
temporary shape is fixed. This process is called programming. 
The programming process either consists of heating up the 
sample, deforming, and cooling the sample, or drawing the 
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programming recovery 
Figure 1. Schcinavic rcprcscnlatiOD oX Ihc ihcrmally induced onc«way 
shiipcmemory effect. The vKimancnl Khapc is iransfcrrcJ la ihe temporary 
jhiipc by die prugratnnft'i^^s i>roccj». Heating the sample to a lemperuiutx 
abftve Ihe jtwitching rtjmsUion r„«. results in the recovery ot" the permanent 
shape. 

sample at a low temperature (so called "cold drawing"). The 
permanent shape is now stored while the sample shows the 
temporary shape. Heating up the shape-memory polymer 
above a transition temperature Ti^n, induces the shape- 
memory effect. As a consequence, the recovery of the stored, 
permanent shape can be observed. Cooling down the polymer 
below the transition temperature leads to solidificaiion of the 
material^ however, no recovery of the temporary shape can be 
observed. The effect described is named as a one-way shape- 
memory effect. By further programming, including mechan- 
ical deformation, the work piece can be brought into a 
temporary shape again. This new temporary shape does not 
necessarily match the first temporary shape. 

In Figure 2 a picture sequence demonstrates impressively 
the performance of shape-memoi7 polymers. The permanent 
shape of the polymers formed Crom I and 2 is that of a rod, 
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which has been deformed to a spiraJ (temporary shape) during 
the programming process. Under the influence of hot air 
having a temperature of 70 'C the permanent shape is 
recovered as soon as Ihc switching temperature T^^^, is 
reached. The permanent shape is recovered with a precision 
of more ihaji 99% ^iih appropriately optimized program- 
ming conditions. This precision makes these materials suitable 
for highly demanding applications J'^ 

Since the 1960s, polyethylene that is covaicntly cross-liniced 
by means of ionizing radiation has found broad appiicalion as 
heat*shrinking film or tubing, especially for the insulation of 
electric vuircs or as protection against corrosion of pipe 
linesj^^l These materials are marketed under the cacchphrase 
"heac-shrinkabie materials'*. The mechanism of the heat- 
shrinking process is in analogy with the thermally induced 
shape-memory effect. Here, the permanent shape is also fixed 
by covalcnt cross-links and the switching process is controlled 
by the melting temperature of the polyethylene crystallites 

More and more reports about linear, phasc-scgrcgatcd 
multiblock copolymers, mostly polyurethanes, can be found in 



the literature under the name of the generic term "shape- 
memory polymers*' (see Section 2.4.1). These elastic materials 
sliow at least rwo separated phases. The phase showing the 
highest thermal transition T^^rm acts as the physical cross-link 
and is responsible for the permanent shape. Above this 
temperature the polymer mchs and can be processed by 
conventional processing techniques such as extrusion or 
injection molding. A second phase serves as a molecular 
switch and enables the fixation of the temporary shape. ^ Tae 
tran sition tempera ture for th e jixation of the swit c hin| 
segments can ejtEer &e~a gigsj^nsigon_lZ J pr a oicBffi^- 



temperature (T^. . A ftei^ Torrmng Jl ] 
swiitliliig lempeiaTure. but below T^^ 



the tempo texy shape 

temperaure. Heating up the material above T^jm agaw 
deaveTthe physical cross-hnks in the switching phase. As a 
result of its entropy elasticity (see Section 2. l.SV^e material 
is forced back to its permanent shape. Polyurethanes with 
shape^memory properties have found application aSs for 
example, components in auto chokes: In this application it is 
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Rgurc 2. Tranjiiion ^fom the icmpornry shape (spiral) to the pcrmanem 
shape (rod) for a shApe- memory nctwofk ihai ha» been ayathesizcd Ixcm 
poly(s-caproljcvore) dimeihuc/yUti: (1) anU buiyUcryUlc (2; eg-inoflomer 
corneal: Suw[%: jcc Scciion Z.6.2). The swiicbing icmporawre or ttiis 
polymer i$ 46 "C The recovery pmccju takes s afcer healing to 70 •C 




not the shape-memory effect that is used, but the propeny of 
the polymer to soften upon being heated up above the 
switching lempcraturc.*'*""' 

A substantially new development in connection with the 
design of shape-memory polymers are polymer systems. 
These are families of polymers in which macroscopic proper- 
lies (for example, mechanical properties or T,„^) can be 
controlled by a specific variation of molecular parameters^ 
This makes it possible to tailor the specific combination of the 
properties of the shape-memory polymers that are required 
for specific applications jUSt by a slight variation of the 
chemical composition. The shape-memory material presented 
in Figure 2 belongs to a family of multiphase polymer 
networks thai are biocompatible and biodegradable. Such 
materials are highly interesting for applications in the field of 
minimally invasive surgery (see Section 2.6). 

There are other classes of materials such as metallic alloys, 
ceramics, and gels that show thcrmorcsponsive shape-mem- 
ory properties. A short overview about these other shape- 
memory macerials is given before Shape-memory polymers 
are discussed in detail. 



IL Me^aJ Alloys 



The one-way shape-memory effect as described at the 
beginning was observed for the first time by Chang and Read 
in 1951 for a gold-cadmium alloy.^^l In 1963 Buehler etal. 
described the shape-memory ^fcct of nitinol, an equiatomic 
nickel -titanium alloy P*J Here, the shape-memory effect is 
based on a martensitic phase transition taking place without 
diffusion (Figure 3). To generate the martensitic phase the 

«us\eniiic phase 




martensilic phase deformed 

marYensliic phase 

figure 3. Schcmailc rcprewnlauon of ihe mechanijm of the shap*' 
memory etfea for meUllic alloys based on ;i martensitic ph^se uaos- 
formatUon. 



material is cooled from a high temperature or parent phase 
showing a cubic symmetry (austenitic phase) down co a low 
temperature phase with lower symmetry (manensiiic phase). 
The formation of the martensitic phase can be controlled by a 
temperature program which includes heating lo temperatures 
up to 450 *C. The temporary shape of the material can now be 
produced by deformation of the material in the martensitic 
phase. The austenitic phase is reached upon heating the 
sample above the phase transition temperature and a recovery 
of the original c?tternal shape for deformations of up to 8% 
can be observed. 

Since nitinol is an equiatomic Ni-Ti alloy, possible fluctua- 
tions in stoichiomclry have a strong influence on the resulting 
properties of the material. A deviation in the nickel content of 
1 atom% can shift the switching temperature up to 100 K. 
Besides the one-way shape-memory effect, nitinol exhibits so 
called superelasticiiy. Supers lasliciiy is based on the phenom- 
enon that the martensitic phase is not stable above a certain 
temperature in the absence of an external force. Above this 
temperature an external deformation will spontaneously be 
rccoveredJ"*'*'*^ 

The Ni-Ti and Cu-Zn-Al alloys all found technical appli- 
cation. Nitinol is widely used for the manufacture of surgical 
devices and Implants because of Its biocompatibilityJ"*"* 
Cu-2n-Al alloys are often used for nonmedical applications as 
a result of their advantageous thermal and electrical con- 
ductivity and their better ductility, Cu-Al-Ni as well as iron- 
based alloys such as Fc-Mn-Si, Fe-Cr-Ni-$i-Co, Fc-Ni-Mn, or 
Fe-Ni-C alloys havt also been investigated in regard to their 
shape-memory properties. Fe-Mn-Si alloys, in particular, Gnd 
applications as materials for screwed joints that can be heated 
after being screwed together to obtain further compres- 
sionJ^*-*^^-'* 

Metallic alloys vvith shape-memory properties can show a 
two-way shape^memory effect after a certain "thermal train- 
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ing*\ In this case the material does not onJy "remember" the 
external shape in the parent phase but also the exienial shape 
in the marwnsitic phase By this, it is possible to produce a 
defined structure at a defined temperaiure ihai has been 
programmed before.t"*'"*n 



1.2. Ceramics 

Wch certain ZrOj ceramics, the transition from a tetragonal 
lo a mono clinic structure occurs as a martensitic phase 
transition which is induced thermally or by the application of 
stress. These materials are called martensitic ceramics. The 
transformation back from the monoclinic to the tetragonal 
symmetry can occur ihermoelastically, which is why marten- 
sitic ceramics show a ihcrmoresponsive shape-memory ef- 



L3. GeJs 

A remarkable property of polymer gels is their ability to 
rcacl lo changes in the external conditions by considerable 
volume changes, swelling or shrinkage. The external stimulus 
is noi only limited to temperature changes. Volume changes 
can also bt triggered by a variation in the pH value, the ionic 
strength, or the quality of the solvent. In addition to this, it is 
possible to stimulate certain gels by the application of electric 
fields or light. The crudal point with gels is chcir poor 
mechanical stabQityJ^-*^^ 

Hydrogels with hydrophobic, crystallizable side chains, and 
cross-linked poly(vinyI alcohols) show a chermoresponsive 
one-way shape-memory eff ect.l^^- *^^«i Hydrogels formed 
from copolymerized acrylic acid 3 and siearyl acrylaie (4) 
cross-linked with mcthylencbisacrylamidc (5) show a strong 
temperature dependence in iheir mechanical properties. 
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Below 25 "C these polymers behave like tough polymers, 
while above 50 *C softening enables the materials to be 
extended up to SO % . The softening results in a decrease of the 
elastic modulus by three orders of magnitude. The mechanical 
stability below 50 "C arises from the crystalline packing of the 
siearyl side chains. Above this temperature, the aliphatic side 
chains are amorphous and contribute to the flexibility of the 
hydrogeU. The stretched shape can be maiuiained by applying 
the deformation force during the cooling process. When the 
material is heated up again above the transition temperature 
the one-way shape-memory effect takes place and the 
external shape in which the material was produced initially 
is recovered. The permanent shape is predetermined by the 
covalcnl polymer nciworKJ" "^ 

Linear poly(vinyl alcohol) molecules form hydrogels as a 
result of the formation of physical cross-links through hydro- 

2033 



gen bonds and microcrystallites. Above a temperature of 
50 "C the physical cross-links melt and results in an increasing 
loss of siabihty. Above a temperature of «0'C the physically 
cross-linked hydrogels become soluble in water. Chemically 
cross-linked hydrogels whose permanent shape is stable above 
SO^C can be obtained by cross-linking the 
poly(vinyl alcohol) 6 with glutaraldehyde. 6 
After melting the physical cross-links in boil- ®" 
ing water, these chemically cross-linked hy- 
drogels can be streched by 200 % . By immersion of the system 
in methanol, a poor solvent, the elongation, and thus the 
temporary shape, can be fixed by deswclling and formation of 
physical cross-links. The permanent shape can be recovered 
by exposing the gel to boiling waierJ^^l 

An example of materials with a thermally induced two-way 
shape-memory effect arc modulated gels. Such gels consist of 
layers and can perform even more complex shape changes 
They contain t^o types of layers: a thermosensitive control 
layer (control element) and a substrate layer (substrate 
clement) which is not sensitive to changes in temperature. 
The control layer consists of an ionic gel made from the 
copolymer 10 prepared from AZ-isopropylacrylamide (NIPA. 
7) and sodium acrylate (8) cross-linked with methylenebisa- 
crylamide (5). A tenfold change in volume can be reached as a 
consequence of a thermally induced abrupt change in the gels 
microstructurc. The gel is swollen below the lower critical 
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solution temperature (LCST) of 37'C Exceeding this tem- 
perature causes shrinkage of the gel and the resulting 
decrease in the thermodynamic quality of the solvent 
produces a polymer-rich phase. The substrate layer can 
consist of a gel formed from polyacrylamide (PAAM) cross- 
linked with 5. At temperatures above 37 the conUol layer 
shrinks drastically while the substrate layer does not undergo 
any noticeable changes in volume. To connect the two 
different layers, one side of the control layer, which consists 
of cross-linked copolymer 10, is exposed to an aqueous 
solution of acrylamide (11). In this >»'ay. the acrylamide 
solution diffuses into the control layer for a certain time 
period. The acrylamide is then polymerized by the addition of 
a radical initiator and 5 to form an inlerpcnetraimg network. 
The bigel strip bends uniformly upon heating to form an 
arch. A further roUing-up of the gel structure can be realized 
by an additional increase in temperature or by producing 
a longer sample. The change in shape is revenible and 
the system can switch between two defined shapes depending 
on whether it is below or above the transition temperature. 
By producing a modulated gel consisting of several alter- 
nating layers it is possible lo obtain spirally, cylindrically, 
wavy structures, or any kind of bent, ribbonlike struc- 
ture,!"-**! 

/4/i;<M C/icm. //»■; £rf. 2002. 4h 2034-205? 
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2. Thennally Induced Shape^Memory Effect in 
Polymers 

Before chc molecular mcchanisin of the thermally induced 
shape-memory effect is explained in detail, the basic princi- 
ples of entropy elasticity are discussed. Methods for the 
quantification of shape-memory properties are presented and 
The corresponding physical quantities are introduced based on 
a description of the macroscopic shape-memory effect. A 
structured ovcmew of thermoplasis and polymer networks 
that show shape-memory properties vill be concluded by a 
summary of current research work in the fidd of shape- 
memory polymers. Polymers developed for biomedical appli- 
cations in particular will be focused upon. 



2X ThefBiodynaraic Aspects Significant for the Shapes 
Memory Effect of Polymers 

2J.L Chain Conformation of Linear, Amorphous Pofymen 

In the amorphous state, polymer chains take up a com- 
pletely random distribution in the maiiix, without the 
resiricx\on that is 'given by the order of crystallites in 
semicrystalline polymers. All possible conformations of a 
polymer chain have the same inner energy. If W expresses the 
probability of a conformation, a strongly coiled conformation, 
which is the stale of maximum entropy, represents the most 
probable stale for an amorphous linear polymer chain 
according to the Boltzmann equation [Eq. (1). 5 = entropy, 
k = Boltzmann constant) .l"l 



(1) 



2,1.2, T>ansltion from tht Glassy State to the Rubber- El astic 
State "^"^^ 
Jntheglas sy state^U mov^ents of the ooLvmer segments 
arTg^irT he Uansition ^ ojthe rubber-elastic st ate ocag s 
u^nn incr&asingjHTggSiaLa^tiA^ ^ which meaivs thai lE e 
y^^m-^^ ^rn.in^rff^^^r^^i^rb ^^^ inct&asingly 
uni mpeded. IhlsSltUUi it ffi'effggT gjh c chains to take up one of 
gaily equival^ixt conform^ti^ris without 



di scntaiigrnirsigni^ The majority of ibe macromolc- 
cujcs~will form compaccTandom coils because this conforma- 
Uon is entropically favored and. as a result, much more 
probable than a stretched conformation (see Section 2.1.1). 

In this cUsiic_si3 te_ a pol ymer with safficienL Jnfllg£Hi?'' 
wejgKr(M;>20tM)0) sTfct ches in Uie direction of ^ applied 
externat force: If Wtens'iTesI reg is only applier n ff^»^or t 
timrTntervTtrrareiilanglem^^ 
theirdtre'cmei^t b o ts -wr ill ^ji T S X^enTTlar grlrio 
charnrConiequent iy. th e saiR pte recoveVs^itTTgr gnanei^^ 
wfigrTTfiraaefna^-OTesSlri ^ 

5hows^--kiTrd 7>rnieg iorV tor the nonsirciched state. I ms 
rgg7^verrTs"someti mesBTreg"^ m ory eibct' . ana is oas eo 
ofi 'the "sample's "tendenc y to return to iis original, mos t 
randoraycQ-iTetlluirgiat rep resent th ejnos^^robablestaU 
However, if the extemaJfenstie stressTs applied for a longer 
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lime period, a relaxation process will lake place which results 
in a plastic, irreversible deformation of the sample because of 
slipping and disentangling of the polymer chains from each 
other. The tendency of the polymer chains to disentangle and 
to slip off each other into new positions enables the segments 
to undergo a relaxation process and to form entropically more 
favorable random coils. 

In a similar way, an increasing rise in temperature above the 
glass transition temperature favors a higher segment mobility 
and a decrease in ihc mechanical stress in the elastic material 
being stretched by an external force J*^ "I 

Entropy Elasticity 

The described slipping or flow of the polymer chains under 
stress can be stopped almost completely by cross-Unking the 
chains. The cross-linkage points act as anchors or "permanent 
entanglements*' and prevent the chains from slipping from 
each other. The cross-links can either be chemical and/or 
physical. Those materials are called elastomers. 

Chemically cross-linked polymers form insoluble materials 
which swell in good solvents. Their shape is fixed during the 
cross-Unking and can not be changed eltcrwards. 

Thermoplastic elastomers conuin physical neipoinis. A 
requisite for the formation of the nctpoinis is the existence of 
a certain morphology of a phase-separaxcd material, as found 
for block copolymers containing thermodynamically immis- 
cible components. The highest thermal transition 

Tjperm i^ 

related to the hard-segment-forming phase. If this thermal 
transition is not exceeded, these domains will stabilire the 
permanent shape by acting as physical netpoinis in the 
material. ThcrmopiasUc elastomers are very soluble in 
suitable solvents and can be processed from the melL 

Besides the neipoints. net\vorks contain flexible compo- 
nents in the form of amorphous chain segments. If the glass 
transition temperature of these segments is below the working 
icmperaiure, the networks will be clastic They show entropy 
elasticity and can be stretched with a loss of entropy. The 
distance between neipoints increase during sirexchiag and 
they become oriented. As soon as the external force is 
released, the material returns to its original shape and gains 
back the entropy lost before. As a result, the polymer network 
IS able to maintain the mechanical stress in equilibrium. 

Elastomers exhibit some extraordinary propercies: they 
warm up when they are stretched: the elastic modulus 
increases upon heating; the coefficient of thermal expansion 
for a stretched elastomer is negative above the glass transition 
temperature; below the revalue the sample behaves like a 
glass and contracts if it is further cooled down (Figure 4). 
While the coefficient of ther- 



mal expansion is negative for 
a stretched sample, it is pos- 
itive for an unloaded sample. 

The inner energy of an 
ideal elastomer will not 
change if it is stretched. For 
this reason, the Hclmholtz 
equation for Che free ener- 
gy U is reduced according to 



t 



Figure 4. PloL o( itie *trcM a in an 
dEwtomar wbith »$ sicctchcA and 
then kep( under constanc strain 
over a wmperaiurc r>ngc above 
and below ihft revalue. 
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Equation (2). From the stress -strain behavior of a polymer 
network with a low degree of cross-liaking and netpoints chat 

C/ = - TAJ (2) 

are sufficicnily far away from each other, the change in free 
energy for the stretching of a standard volume is given by 
Equation (3). is the number of chain segments between the 
netpoints and A„ and represent the elongation ratios in 
three dimensions (A = Utu), where / represents the length of the 
segraecis between the netpoints in the stretched state, and 
represents the length of the segments in the unloaded 
siate.l^*-^1 

0 s 2vtr(>l»+Aj + xl-3) (3) 



2.2. Molecular Mechanism of the Shape-Memory Effect 
of Polymeis 

An elastomer will exhibit a shape-memory functionality if 
the material can be stabilized in the deformed state in a 
temperarure range that is relevant for the particular applica- 
tion. This can be reached by using the network chains as a 
kind of molecular switch. For this purpose the flexibility of the 
5cgmcn« should be a function of the temperature. One 
possibility for a switch function is a thermal transition (Txnn) 
of the network chains in the temperature range of intt^est for 
the particular application. At temperatures above T„^„ the 
chain .segments arc flexible, whereas the flexibility of the 
chains below thi^ thermal transition is at least partly limited. 
In the case of a transition from the rubber-elastic or viscous 
state to the glassy state, the flexibility of the entire segment is 
limited. Tf the thermal transition chosen for the fixation of the 
temporary shape is a melting point, strain-induced crystal- 
lization of the switching segment can be initiated by cooling 
the material which has been stretched above the T,„«, value. 
The crystallization achieved is always incomplete, which 
m&ans that a certain ajnount of the chains remains amor- 
phous. The crystallites formed prevent the segments from 
immediately reforming the coil-likc structure and from 
spontaneously recovering the permanent shape that isdcfmed 
by the netpoints. The permanent shape of shape-memory 
networks is stabilized by covalenl netpoints, whereas the 
permanent shape of shape-memory thermoplasts is fixed by 
the phase with the highest thermal transition at Tp^m. 

The molecular mechanism of programming the temporary 
form and recovering the permanent shape is demonstrated 
schematically in Figure 5 for a linear multiblock copolymer, 
as an example of a thermoplastic shape-memory polymer, as 
well as for rwo covalently cross-linked polymer networks. 

The "memory effect" mentioned in Section 2.1.2 is not a 
shape-memory effect. This expression describes the property 
of an elastomer one would not expect for an amorphous 
polymer chain. The "memory effect" represents a problem in 
the processing of non-vulcanized natural rubber. In the case of 
a quick deformation of the amorphous material by a sudden 
subsequent decrease or removal (or reduction) of the external 
force, the polymer rc-forms its original shape. Such polymers 
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Figure S. Schematic rcprcscniation of the molecular mechanism of the 
thcrmnJly induced shaFe-memory cflcct foi a) b rauUiblock copolymcj wilh 
T"„.„~ T„. b) a covalently cross-linked poJymer wiih 7",,,.*= T.^, and c)a 
polymer ncnvork *ith T^^z: T,. If the increase in tempcmurc is higher 
ihan Tt„„ oi' the swiichins segments. Uicse jcgmcais arc flexible (Jho^n ia 
red) and the pulymcr can be dcIgrmcU elastically. The temporary shape is 
luted by cooling down helo«' T„„ (shown ia blue). U (he polymer i$ heated 
up again, (he pennanent shape i$ Kcovered. 



will also exhibit a shape-memory effect if a suitable program- 
ming technique is applied. In this case, temporary entangle- 
ments of the polymer chains which act as physical netpoints 
can be used for the fixation of the permanent shape. This 
thermal transition can be used as a switching transition if the 
glass transition of the amorphou.«! material is in the temper- 
ature range that is relevant for a specific application. In 
Section 2.4.2 this shape-memory mechanism is explained for a 
high molecular weight, amorphous polynorbornene. 



2.3. Macroscopic Shape-Memory EITect and 
Thermomechanicsl Charade lizatlon 

2.3 J. Cyclic, Thermomeehanieal Characterizaiion 

The shape-memory effect can be quantified by cyclic, 
thermomeehanieal investigations. The measurements are 
performed by means of a tensile tester equipped with a 
thermochamber. In this experimeni, different test protocols 

Artnew^ Ckcm. /nt Ed. 2002. 47.2034.2057 



FEB-16-2006 04:29 + 852 2810 0431 BBX 



16:F-:B. 20C8 17:25 



DEACONS (PI 852 23'0 043' 



KO. 3074 P. 13/29 



Shape-Memory Polymers 



REVIEWS 



are applied that differ, for example, in the programming 
procedure (cold drawing at T< Tj^^ or temporarily heating 
up of the test piece to r> ra,mi) or in the control options 
(stress or strain controlled). A single cycle includes program- 
ming the test piece and recovering its permanent shape. A 
typical test protocol is as follows: firsi, the test piece is healed 
up to a temperature rwgb above the switching temperature 
T.r^rt. and is siretched lo the maximum strain In the ease of 
thermoplasts it is imponant not to exceed the highest thermal 
iransiiion T^^m which would cause the polymer sample to 
melt. The sample is cooled down below the transition 
temperature T^„^ under a constant strain to a temperature 
r,^ thus fixing the temporary shape. Retracting the clamps of 
the tensile tester to the original distance of 0% strain causes 
the sample to bend. After heating the sample up to > 
contracts and the permanent shape is recovered. The 
cycle then begins again. 

The result of such a mea.*5uremeni is usually presented in a 
f - a curve (Figure 6 a; o = tensile stress). This is the reason for 
this test protocol being called a "two-dimensional measure- 
meni". Figure 6 represents schematic curves. Different effects 
can result in changes lo the curve, particularly when the 
stretched sample is cooled down (position (f) in Figure 6a). 
Among others, the following effects play a role in these 
changes: differences in the expansion coefficient of the 
Stretched sample at temperatures above and below r,„„ as a 
result of entropy elasticity (see Section 2.1.3, Figure 4), as well 
as volume changes arising from crystalliaation in the case of 
T„,n, being a melting point. 




Figure 6. Schtmaiic represenwiion of ihc rciullsof the cyclic Uieimoine- 
chaflu'%1 invcsligaiion* tot two differem tests: a)f-<T diagram: <D— 
stretching lo c„ ai T,.^; ®— eoeJing to T,^ while e„ is kept consiani: 
(D— clamp disiance is driven back to original distance; ®— at 
heating up to Tr,i^ : ®— 5tnrt of the weond cycle, b) g-T-<3 diagram: ©— 
sirclchiciK to 4« al r.-j^,; ©—cooling down lo Tu,^ with cooling role A^^ - 
dmt while tf« it kept cojutani; ®-^liimp distance is reduced until the 
iiress'frtc stale ff = OMPa is reached: 0— heating up to with d 
hciling raw = dHdr al tr =0 MPj; ®— of the «oond cycle 



In addition to the elastic modulus E(rh,jh) at Tiujh. which 
can be determined from the initial slope in the measurement 
range © (Figure 6a), the elastic modulus of the stretched 
sample at Tjp, can also be determined from the slope of the 
curve at (5) (Figure 6 a). The important quantities to be 
determined for describing the shape-memory properties of 
the material at a strain are the strain recovery rate R, and 
the strain fixity rate Both can be determined according to 



equations (4), (5), and (6) from cyclic, thermomechanical 
meaiiurcments. 

The strain recovery rate quanufies the ability of the 
matenal to memorize its permanent shape and is a measure of 
how far a strain that was applied in the course of the 
programming e„-<pfiV-l) is recovered in the follo>*ang 
shape-memory transition. For this purpose the strain that 
occurs upon programming in the Nth cycle tin-CpfN-; is 
compared to the change in strain that occurs with the shape- 
memory effect f„-ep(AO [Eq. (4)]. fp(N-i) and fp(A/) 



represent the strain of the sample in two successively passed 
cycles in the stress-free state before yield stress is apphed. The 
total strain recovery rate is defined as the strain recovery 
after A/ passed cycles based on the original shape of the 
sample [Eq. (5)]. The strain fixity rate R^ describes the ability 



of the switching segment to fix the mechanical deformation 
which has been applied during the programming process. It 
describes how exactly the sample can be fixed in the stretched 
shape after a deformation lo e«. The resulting temporary 
shape always differs from the shape achieved by deformation. 
The strain fixity rate R{ is given by the ratio of the strain in the 
stress-free state after the retraction of the tensile stress ia the 
Mh cycle £^{N) and the maximum strain f« [Eq. (6)).Ui 



(6) 



As indicated in Figure 6, the first few cycles can differ from 
each other The curves become more similar wi:h an increas- 
ing number of cycles. The process of deformation and 
recovery of the permanent shape becomes highly reprodu- 
cible. The changes in the first (ew cydes arc attributed to the 
history of the sample, thus, processing and storage play an 
important role. During the first cycles a reorganization of the 
polymer on the molecular scale takes place which involves 
deformation in a certain direaion. Single polymer chains 
arrange in a more favorable way in regard to the direction of 
deformation. Covalent bonds may be broken during this 
process. 

An important variable that can not be determined by a two- 
dimensional measurement is T^^, In this respea, the three- 
dimensional test record is interesting, and is shown schemati- 
cally in Figure 6 b. In contrast to the two-dimensional 
measurement, the sample is cooled down in a controlled 
way at a strain of f„ and a constant tensile stress tf^,. The 
change in strain in this region is influenced by the temperature 
dependence of the coefficient of thermal expansion of the 
stretched polymer (see Section 2.1.3) and volume effects 
based on the thermal transition at r„„, (for example, a 
crystallization process). Having reached Tiaw, Ihc strain is 
driven back until a sircss-frcc stale is reached. The sample is 
then heated up to Tm^u in a controlled way. In the course of this 
experiment the tensile stress is kept constant at 0 MPa, which 
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means that the clampj; follow the movement of the icsl piece 
Thi; mechanical movement occurring in ibe course of ihc 
shape-memory effect is recorded zs a function of the temper- 
ature. Both ihc temperature interval as well as T^r„, in which 
the shape-memory effect takes place can be determined from 
the intcrpreiaiion of the e-T plane of the e-T-a diagram. 



2.3.2. Bending Test Jar the Determination of the Shapes 
Memory Effect 

In ihc course of the bending lest a sample is bent at a given 
angle B\ ai a lempcraiurc above the svdtching transition and is 
kept in this shape. The so-deformed sample is cooled down to 
a temperature Ti^^<T^ and the deforming stress is re- 
leased. Fraally, the sample is heated up to the measuring 
temperature r„;ju > 7"u«u and the recovery of the permanent 
shape is recorded. The deformation angle 0t varies as a 
function of lime. The recovery rate is calculated from the 
ratio of chc different angles before and after recovery Bt and 
the deformation angle 0^ in the temporary shape 
[Eq. DJ.I^'^^^^l 



(7) 



2J.3. Shrinkage Determination of Heat-Shrinkoblt 
Products 

The tesi samples stretched at room temperature are kept 
under a constant scress of about 0.2 MPa and heated above 
Tt^H^,. In the case of polyethylene cross-linked by means of 
ionizing rays, the material is heated up above the melting 
point of the PE crystallites. The shrinkage is then given by the 
ratio tEq.{8)), where X = Uk, is ihe length of the 
stretched sample, and I, the length of the sample after the 
shrinkage process. Partly, instead of the original length of the 
sample the stretching ratio A, the ratio of the length of the 
stretched sample /..^ and is used. The shrinkage process 
depends on the temperature T^,^. Therefore, the shrinkage 
/,(/) is often determined as a function of time for a given 
shrinkage temperature Thi^b.'**'*^ 



Hcatshrirkasc (%J = 



-lOO 5= 



C(i -r') 



too 



24. Physically Cross-Linked Shape-Memory Polymeis 
2.4. A Linear Block Copolymers 

In t his section shape-me mory polyme rs arc present ed that ^ 
f orm part of the class of linear hiocK cop olymers. The 
mecha nism of the thermally induced shape-memory effect 
of these materials Ts based on the formation of a phase- 
s egregated morphology. w hj?h hii hrtm -riftrn^ gd in Sec- 
tion 2.2,^ith one oha^^ e acrinp as ^ mole cular switch. Through^ 
the formation of physical netpoints. the phase with the highest 
m^rH\A\ iMSsition T^.^ on theo nc_ hand provides the__ 
mechiiniBil simnf ih tha ULaienaiT ^ecMlY at T< T^^n, 
' aiwJ -' un tlie ijiliei luivS is icspuiiiUj Ieior the fixation that 



dtiLfl Ti iiftea therp ci'ihane'nt shape, ine materials ai g^diyided 
in iu twu t J teg6fl&i> accord in g to the thermal transition of the 
particul a r switch mg s egmem on whici LJhc-shap c-mrmnry 
effect IS b asegr^the r thejjjjs^ioru^ejj^^^ jLi 
mcitmg temperature T^jjOradasstr^^ 



sharpTransition " i n^moS\caseswh^^ 
eitend^vegJjJgjSl^^ transition 
tetnperaiuresT^oji^ between the glass transition of the hard- 
segment- and the switching-segment-determining blocks may 
occur in the cases ^-hcre there is no sufficient phase separation 
between the hard-segment-deiermimng block (block A) and 
the switching-segment-determining block (block B). Mixed 
glass transition temperatures can also act as switching 
transitions for the thermally induced shapc-racmory effect. 
T^ble 1 gives an overview of the various possible combina- 
tions of hard-segment- and switching-segmenl-dctermining 
blocks in linear thermoplastic shape-memory polymers. 

All the linear polyurethanc systems presented in the 
following paragraph are synthesized according to the prepol- 
ymcr method. Thermoplastic poJyureihane elastomers arc 
produced on an industrial scale by means of this technique. In 
this process, isocyanate-ierminatcd prc-polymerJi are ob- 
tained by reaction of difunctional, hydroxy-ierminatcd oli- 
goesters and -ethers with an excess of a low molecular weight 
diisocyanate (Scheme 1. Ist reaction step). Low molecular 
weight dioU and diamines are added as so called chain 
extenders to further couple these prepolymers. Linear, phase- 
segregated polyureihane- or polyurethanc -urea block co- 
polymers are obtained in this way (Scheme 1. 2nd reaaion 
step). Each polymer chain contains segmenu of high polarity 
composed of uretbane and urea bonds that are linked through 



T.ble I Pc^bie combinations of hard-segmcnt- (block A) .nd i-Uching.s.gmcnt-dcu-rmimng black, (block B) i- Ujjcar. f 

.^ Ll7y induced .hapc.mcn.ury effecu. In rhc block poly«cn in c-t.gcry 1 :hc permancai shape U deurm.ncd by ihc thermal cransu.on « mclung 
(T^. = Tm A), in category 2 at the glaa tranMUon (r^^. = J of the bar d-aegmen i-dctcrmming block. 
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M-R-NCO « «0CN-R-/JCO 



♦ A^jr HO-R^OH 




N-R-'M-^j 



flwiiefilng«MOnionl«d«(«rinlnlng 
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hard-segment-d •fermmlng 
Mock 



Scheme 1. Preivilycnef method (cr the synmesis nf ihermopUjtlc poly- 
urcthanei R and R' arc shori chain groups with two free veleoces. 



chain-extender molecules. As a consequence of their high 
iniermclecular interaction, they forni ihe so called hard 
segment. Strictly speaking, they represent the hard-segmeni- 
forming phase that i$ embedded in an amorphous elastic 
matrix. This amorphous matrix, with its low glass transition 
temperature lying far below the normal operating temper- 
ature, forms the so called soft segment. In the case ot 
polyurethanes with shape-memory effects, this segment serves 
as a <;witching segment. For this purpose it is modified in such 
way that the thermal transition is located in a temperature 
range relevant for the respective application. Hard segment 
"clusters" with dimensions under 1 jjm are formed by the 
phase-separation process that occurs. These clusters have high 
or Tn values and act as multifunctional physical netpoints. 
These so-called plasUc domains act as a reinforcing filler. 
Their ability to deflect mechanical energy by deformation 
enables the growth of microcracks to be prevented. They also 
impart cross-breaking strength and impact Strength to the 
material.t^^^ 

In the following paragraph polymer systems are introduced 
whose shape-memory effect can be triggered by the transition 
of a melting point. Shape-memory polymers with r„jn3 = 
are represented by polyurethanes, polyurethanes with ionic or 
mesogenic components, block copolymers consisting of poly- 
ethylenecercphihalaic (12, PET) and polyeihyleneoxide (13, 
PEO). block copolymers containing polystyrene (14) and poly- 
(1,4-butadiene) (IS), and an ABA triblock copolymer made 
from poiy(2-raelhyl-2-oxazoline) (16, A block) and poly- 
(ictrahydrofuran) 17 (B block). Polyurethane systems with 

13 14 15 

i-N^ — fe- 

16 17 
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Ty,M^ = are then introduced. Table 2 gives an overview of 
the chemical composition of the linear block copolymers and 
their respective transition temperatures that resulted in 
switching transitions, as well as the variability in the switching 
temperatures. 

The thermal transitions of the pure polymer blocks of those 
shape-memory materials mentioned in paragraph 2.4.1 are 
listed in Table 3. 

2.4.11 Multiblock Copolymers with r„ 

Polyurethanes wuh a jpoly(^'Caprohctone) SwUching Segment 

Kim and eo-workers synthesized polyesterureihancs 
(PEUs, Table 2. first entry) with a hard-scgmeni-deiennining 
block of meihylcnebis(4-pbenylisocyaDatc) (18, MDI) and 
1,4-buianediol (19) by using the pre-polymer method.^"- 
The highest thermal transition 7p,„„ corresponding to the 



OCN, 



KCO 



18 



Id 



20 



melting temperature of the hard-segment-determining blocks 
is found in the range between 200 and 240 *C. Poly (4- 
caprolactone)diols wiih a number-average molecular weight 
(M„) between 1600 and 8000 form the switching segments. 
The switching temperature for the shape-memoxy effect can 
vary between 44 and 55 X depending on the weight fraction 
of the switching segments (variation between 5nand90wc%) 
and the molecular weight of the used poly(fi-caprolactooe)- 
diols. The crystallinity of the switching segment blocks 
determined by comparision of the panial melt enthalpies 
with the melt enthalpy of 100% crystalline poly(f-caprolac- 
tone) (20) becomes higher as the vveighi fraction and the 
molecular weight of the poly(s-caprolaetone)diols used in- 
creases. Hence, the crystallization of the poly(c-caprolactone) 
segments is hindered by incorporating them into the multi- 
block copolymers. The crystallinity observed is between 10 
and 40%. No crystallization can be observed when the polyCt- 
caprolactonc)diol has a number-average molecular weight 
below 2000, presumably, because ol the low degree of phase 
separation. In cyclic thermomechanical measurements, an 
increase of the initial slope with the number of cycles is found. 
A behavior which is named "cyclic hardening*' can be 
observed during the initial four to five cycles. This effect b 
caused by a relaxation of the material in the stretched state 
which results in an increasing orientation and crystallization 
of the chains. As a consequence, the resistance of the material 
against the strain grows with the number of cycles. The 
materials reach constant strain recovery rales after the third 
cycle. Polyurethanes formed from a high molecular weight 
poly(£-caprolactone) and a high weight fraction of hard- 
segment-deiermining blocks show the best shape-memory 
properties: the strain recovery rate increases up to 9S % with 

Strains t„ of 80%. Moreover, the shape-memory properties 
are strongly influenced by the degree of strain applied: the 
strain recovery rates reached decrease with applied strains of 
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Table 2. Overview e( linear, ihcrmopUstic block copolymers with ihermolly induced shape-ingfliory cffccci. 
Category according lo Table 1 
Mtitlibtock cvpotymerj with r„. 



1.2 (mcsofienic lei^oais cause 

lunhcr uarultions) 

1 .2 (mesogenic s«|ements cause 

further iransicions) 

1.2 (mixcdr,ai-25-I5X) 

2.1 

2.1 (aBA Iriblock copolymer) 

Mulribtock copolymers wuh Tm, 
'. I (wparate T, vaiue.^ (or 
poly(ielrahydrofura)i) ug- 
inents with M.s 1000, 2000, 

2yoo) 

1.2 (mixed /or poly(iewa- 
hydfofu/atv) jcgipents with 
M, = 250,650) 

1.3 

1.2-1.4 



Hard-se^fnoAt-formine phase 


Switching-segment-fonnins phase 




Ref. 


MDI/l,4.buianediol 


poly(ff-caprolBcionc) (.Wn = 1600, 2000, 
40OU. 5onn, 7000, and jtOOO) 


r„ of poly(*-caprolacion«) 
crysEalliccc: 44-55 


[13. 14. 52) 


MDI/l.4^uunediol dimo- 
tnyidyiprvpiviii* 
MOVBEB? orBHBF 


paly(«.caprol»cione) (M^ = 2000, 4000. 
and 8000) 

poly(c'caprolnc(oiie) (M» = 4000) 


of poly(f-caproUctone) 
erysUllilo*: 45-55 
Tm of poly(f-caprolacianc) 
crysuUiici: 41-50 


im 

[S3] 


KDI/4.4'-dihydroxybiphenyl 


poly(4-caprolac(one) (M« = 4000) 


Tffl of poly(e-caprolactone) 
erysullitey; 3S-5!? 


r<Ai 
[541 


poIy(e£hyJene terephihalate) 


polyCelhylcnc iwide) 0^^ = 4000. 6000. 
10000) 


Tm Of poly (ethylene oxide) 
crysiallitss: «0-6r) 


[IS. 16. 55) 


PS (14) 


puly(1.4-buudiene) (15) 


of polybutadicne 
crystallites: 45^65 


[56.95] 


poly(2-mcihyl-2-oxazoljac) 


poIytUlrahydrofuTan) (Af,=41(X|- 
1S800) 


Tpt of poly(t«lrahydrofuran) 
crystallilet: 20-^ 


[57] 


MDI/1.4-bucAnediol 


poly(tctrahydrofuTan) (Af^ = 250. 650. 
lUOO. 2000. 2900) 


ct poly(tclrahydrofuran) 
SAgrnenU or mixed 7^: 
-.56-54 


[l«. 19] 



MDI/l,4-buuned(ol 
2,4.TDI or MDI 

carbcdiimide-modificd diiso- 
cyanatcs (MDI and HDI) 
ethylene ^ycol or bis(2'by 
droxy ethy l)hydr ochi none 
com bina lion of (2.2'-biJ(4.h>- 
droxyphcnyO-propanc (bis- 
phenol A) and ethylene oxide 



poly(clhylene adipftlc) (M, = 300, 600. 
1000, 2000) 

poly(propylene oxide) (M, = 400. 700, 
1000) 

poly(bucylcnc adipaic) (Af„ = ft00. \m\ 
2000) 

poly(leirahycirofuran) {M„ - 400, 650, 
700. 850. 1000) 

combinaclon of (2,r-bls(4.hydroxy- 
phcnyJ)-propiinc (bisphenol A) and 
propylene o:jidc 800) 
poly(ethylene oxide) (Mb = 600) 



nl' polyCelhylcnc adipatc) [11] 
segments: -5-48 

r.: -45-43 [58,591 



250% from rates of more than 90% lo rates of 80%. Besides 
the crystalliniiy of the switching segments, the decisive factors 
thai inflaence che recovery properties are the formation and 
stability of the haid-segment-forming domains, especially in 
the temperature range above the melting temperature of the 
switching-segment crysulUtes. Above a lower limit of the 
hard-5cgmeni-4eiermining blocks of 10wi%, the hard-seg- 
ment domaiiu are no longer sufficiently pronounced lo 
function cfficiendy as physical cross-links. A shght increase 
in the switching temperature can be observed during the 
initial three cycles. This behavior is interpreted as the 
de.«;iruction of weak nelpoinis followed by an increasing 
formation of an ideal elastic network. Tables 4 and 5 show 
values determined for the shape recovery and shape fucity 
rates. The samples were stretched zt room temperature after a 
thermal pietreatmeni at 80*'C 

Incorporation of Ionic Components infO the Hard-Segment' 
Forming Fha.te 

Several invesrigations have dealt with the question as to 
whether the incorporation of ionic or mesogenic moities into 
the hard-scgmenl-forming phase can influence the mechan- 

2044 



ical and shape-memory properties through the introduction of 
additional intermolecular interactions by possibly enhanc- 
ing the degree of phase separation. For this puiposc, poly- 
ester urethanes have been synthesized by the pre-polymer 
method using MDI and 1,4-butanediol as the hard-seg- 
ment-determining block. Half of the chain-extending 1,4- 
butanediol in the hard-segmeni-forming phase was substitut- 
ed by 2>bis(hydroxymeihyl)propionic acid (21) so as to 
introduce additional intermolecular interactionsJ'^' Poly- 
(e-caprolactone)diols with number-average ^^^^ 
molecular weights between 2000 and 8000 V 
were used a* the swiiching-scgmcnt-forming 
phase. The weight fraction of the switching 
segment was around 70 wt% for materials based on poly(£- 
caprolactcne)diols with number-average molecular weights 
between 2000 and 8000 and varied between 55 and 90 wc % for 
poly(e-caprolactonc)diol v^^ith o molecular weight of 4000. The 
switching temperatures for the shape-memory effect were 
" between 44 and 55 X. A hard-segment phase additionally 
stabilized by ionic interactions can be formed by neutraliza- 
tion of the propionic acid moities with tricthylaminc, Thcssc 
mulriblock copolymers having polyclectrolyte character are 
so called -'ionomers". As a result of their additional Coulomb 
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Tibk 3. Thermal propcrtios of the pure polymer blocks. 



Polymer blocV 


Biodc type 






MDI/l,4^uiaiiediol 


A 




I25l«l 






193-132f'I 


1001*^1 


poly(£ -ctvprolacton c ) 


B 


Af„ = 16(10: 46.3 


-60t*'f 




M. = 40()n: 53,5 
















Af„>100(in(»craicrijlaUinc): S9-«4i«.-*t 




poiy(ieu3hydrofur3n) 


B 


Af„ = 250: -7.9 






W, = 250:-95W 








M^-6$0: 202 








1000:2^.6 








W, = 2000: 27.7 








M,»2900: 45.6fl 












paly(ethylei)e adipate) 


B 


260 (scmicrystallinc)^'" 




pAly(e(bytene tcreph(lial&tc) 


A 


Bl Cxcinicry,^riaifle)t''i 




2B0 (^cmicrystBiline. equilibrium)^"' 


125 (ssmicfyftCallme and orienled)'^*^ 


poly(ethylene onids) 


B 


M.c^ 1400- 1600: 45-50 






M,- 1900-2200! 50-52 








M„ = 3500-4O(X): 59-61 








M^ = 5WJa-700Q: 60-63 








M,. = 8500-11 500 : 63 - 65^^ 








69P-I 




PS(M) 


A 


270l*'I 


100 (amorphous)!*') 




2aOI*^I 




poly(l.4-buiadicnc) (15) 


B 


97 (modi6caitoii 1) 






145 (modificjitton ll)''^ 




VotyechyleAe 


A 


134 (yQ% cfysulUne, lineur PE) 


- 125 10 - 120 (yj 




115 (60y. erysiamnc; IDTEY^ 


-80 10 -40 (W*^ 


poly (vinyl aoetaic) 


B 




31^*1 


polyamide-6 (nylon-6) 


A 


215-220!*' 






223t»" 


480l"i 


poly(2-meTby)-2-axazoiiiie) 


A 





Tabic 4, Dependence of the str3in recovery rale after Ihc fini cycle (/?,(!) 
\n %) at f,. = 805J» on the switching scemet\t conieni SC(wt%l for 





sc 






sc 


n.ii) 


4U00 


81 


9S 


7000 


92 


6U 


5000 


R9 


SO 


7onn 


ss 


93 


5000 


64 


96 


7000 


85 


95 


5000 


BO 


9S 


7000 


81 


98 



increasing hard-segment content increases Ihc mechanical 
stability of the materials. The charged systems show up lo 
approximately 10% higher strain recovery rates and equal 
strain fixity rates relative to the uncharged systems. Table 6 
displays the strain fixity and strain recovery rates (or two 
materials with and without ionomer. both based on poly(e- 
capralactoiie)diol wilh a number-average molecular weight of 
4000 and a poly(«aprolactonc) content of 70 wt%. 



Tabic 5. Dependence of the suain recovery rate (/?,) and strain fixiiy rate 
(Hf) allcr ibc lirst and iounh cycle oa the ruaiching scgmcni convcni 
SC[wt%] and Che strain ^„ for different molecular weighu Mn ot ihc 

poly(t-capfolactone)diols u<ed."'' 





SC 






/!,(4)[%1 


R,(i)r%i 




2000 


70 


200 


48 


20 


95 


98 


200(1 


55 


20i> 


73 


65 


58 


60 


4(X)0 


75 


m 


75 


60 


85 


94) 


4000 


70 


200 


82 


73 


92 


95 


8000 


55 


200 


62 


52 


88 


90 



interactions, they exhibit a higher elastic modulus and higher 
mechanical strength than the systems containing uncharged 
hard segment blocks. The transition from the uncharged 
muiltiblock copolymers to ionoracrs results in an increase in 
the elastic moduli to between 24 and 34% at 25 *C depending 
on the molecular weight and the weight fraction of the poly(c- 
caproIactoae)diols used An increase in the elastic moduli 
between 38 and 156% is observed at 65 X. In addition, an 
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Table 6. Comparison of Jtriiin recovery rair and stroia fiiity rate (/?,) 
a t j:« = 200 V« snd a switching sc^imcru content of 70 -'l % for ionomcn and 
the eorresponding Bon-ionomertl^'J 













ionomer (ebdrged) 


66 


45 


95 


95 


noA-ionomer (undur^cJ) 


62 


35 


95 


95 



Incorporation of Mtsogenic Components iruo the Hard- 
Segment-Forming Phase 

In the case of the incorporation of mesogenic diols such as 
4,4'-bis(2-hydroxycthoxy)biphcnyl (22» BEBP) or 4.4'.bis- 
(2-hydroxyhexoxy)biphenyl (23. BHBP) into the hard-scg- 
mcnt-deiermining blocks based on MDI, an increased sol- 
ubility of these blocks in the switching segment made of poly- 
(^-caprolactone) (M„ = 4000) is observed.''^' As a conse- 
quence, a mixed 7, value of ihe hard-segment- and switch- 
ing-segment-forming phase occurs. The strain-induced fixa- 
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HQ 



22 



OH 



23 



cion observed is attributed lo crystallization Of the switching- 
segmeni blocks. An increase m the strain fixity rate of more 
than 20% is observed in the case of the polymers with added 
BEBP with a swiiching-scgment content increasing from 60 to 
$0 wt % and a strain value oT 100%. Mncerials with added 
BHBF sho« an increase in the strain fixity rate of 5 to 10% 
with a strain e« of 100 to 300% . Table 7 shows an oversew of 
the recorded shape-memory properties. The strain recovery 
rates observed at a strain b„ of 100% correspond to those with 
a hard*segment-forming phase containing MDX/l,4-butane- 
diol. 



Table 7. Dependence at the suaia recovery rate (R^i)) sad srr;tin iixity 


raic (A»(4)) o( muUiblock ccpolynners wilk a hnid-scgmcni-fqrffliAg ph^tsc 


Qf MDT/l,4.buianeJiol 


uficr Lhc fourth cycle cn the switching segrneni 


conicni SC 


\hc suain t^. and ihc added mcsogenic dioi.v-'l 


Additive 


SC 


■^-(%! 






BEBP 


SO 


lou 


SO 




B£fiP 


71 


100 


SO 


95 


BEBP 


57 


100 


S5 


75 


BHBP 


80 


100 


35 


85 


BHBP 


70 


m 


AO 




BHBP 




too 


85 


80 


BHBP 


HO 


3<10 


6S, 


95 


BHBP 


70 


300 


73 


90 


BHBP 


513 


300 


63 


85 



[a] The vaivies are c^leulaccd fro at Pigurof 2**4 in roH [53]. 

Block Copolymers Made of Polyiihylene Ttrtphthalate (22) 
and Polyethylene Oxide (13) 

A further example of shape-memory polymers ^th Tum^s 
T„ are linear, phase-separated block copolymers with a hard- 
segment-forming phase based on PET and switching-segment 
blocks of PEO.f" '^^'^^'^1 The highest thermal transition Tp^ur, 
is the melting point of the PET blocks at 260 X. The thermally 
induced shape-memory effect is triggered by the melting 
temperature of the PEO crystallites and can be varied 
between 40 and 60"C depending on the molecular mass of 
lhc PEO blocks or on the PET content (see Table 2), 

The crystalline fraction of the switching segments increases 
as the molecular weight of the PEO blocks grows. Simulta- 
neously, the melting temperature of the PEO blocks increases 
as their molecular weight increases. The crystallization of the 
PEO blocks is more and more hindered as the weight fraction 
of PET increases. As a consequence, the melting temperature 
of lhc switching se^eni with the same molecular weight 
decreases in the case of a polymer with an increased content 
of hard-segmcni-dctermining PET blocks. Strechinga sample 



at a temperature near the melting temperature of the PEO 
segments results in the crystallites of the PEO segments 
becoming parallelly orientated. They change their shape &om 
spherulitic to fibril- like sir uc lures. If these structures are too 
well developed they hinder the recovery process. This is why a 
change in the strain recovery rate as a function of the applied 
strain e„» is observed depending on the compositioa of the 
copolymer or on the developed morphology. To investigate 
the strain recovery rate the samples were stretched above the 
melting point of the PEO crystallites at SS "C, cooled down, 
and heated up again with a heating rate of 1 Kmin''. The 
shrinkage observed upon heating increases with an increasing 
molecular weight of the PEO segments up to strains e^ (up to 
100%). After reaching a maximum at a strain of around 
1.50%, the observed shrinkage decreases again. The series of 
block copolymers investigated here shows improved strain 
recovery rates if ihc weight fraction of PET increases. This 
behavior is explained with the formation of more stable 
physical bonds in the better aggregated PET blocks. The 
temperature at which the highest recovery rate can be 
observed is the so-called recovery temperature T,. This 
temperature is found in the range of the melting temperature 
of the PEO switching segment. Tables 8 and 9 show typical 
shape-memory properties of PET/PEO block copolymers. 

Table %1 Dependence of the strain recovafy rate after ibe first cyde (^r(l)) 
and the recovery lemperaiure T, on the switching segment concent 
SC{wi%) and the strain for differsni molecuJar weight poly- 
(clhylone oxUle)diols lakeo (ram Tabic 2 in rcil [15]. 





SC 








2noa 


73 








4000 


68 


43.0 


89.8 


85 


6m 


79 


48.0 


98.7 


120 


6000 


74 


47.5 


99.1 


120 


6(K» 




4fi.8 


98.9 


120 


lom 


83 


545 


99J 


150 


10000 


78 


53* 


99.7 


ISO 



Table 9. DcpcAdcnoc of the suraia recovery raic alter (he first cycle /7^l) 
(in%) at („ = 1S0% and T^l'C] on the swiiehing segment coAlenl 
SC [wt %J fur dif/cxent molceulav weight pvl/(cihylene oxtde)Uiols in 
Table 2 \n rtt. (161. 





SC 








SC 


T« 


m 


4000 


72 


4$.2 


84 


6000 


lA 


46.5 


92 


4000 


6.1 


43.9 


85 


lOCUtJ 


83 


54.5 


93 


6000 


79 


473 


90 


lOOOO 


78 


52.7 


95 



Bloc)c Copolymers Made of Polystyrene (14) and 
Poly(h4*butadien€) (IS) 

The poly(l,4.butadiene) blocks in phase-segregated block 
copolymers consisting of 34v^/[% PS and 66wi% poly(l,4- 
butadiene) are found to be semicryscalline with a high trans 
ratiaJ-^^'*'''! The melting temperature of the poly(l,4-bula- 
diene) crystallites represents the switching temperature for 
the thermally induced shape^memory effect. The glass tian- 
sition of the polystyrene is the highest thermal transition T^rm 
and is found at 90-0. Thus, polystyrene supplies the hard- 
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segmeni-dctcrmining blocks. The high glass transition tem- 
perature of the polystyrene blocks hinders the polybutadieoe 
chains from slipping off each other upon sireiching. The 
elastic properties, which are not only responsible for the 
elastic strain but also for the recovery because of the 
material's entropy relaxation, arc attributed to the amorphous 
areas of the polybutadienc phase. For a material with a 
poly(l,4-buiadiene) contcnl of 86mol% and a weight-aver- 
age molecular weight of 70000. the formation of two crystal 
modifications in the polybutadiene blocks is reported. One of 
the observed crystal modifications is suble at room temper- 
ature. First, the low temperature modification converts into 
the high temperature modification upon healing up to 
temperatures higher than 45 "C. Only if a temperature of 
65 "C is exceeded does the poly(l,4-butadiene) reach a 
completely molten, amorphous state. A reversible solid-state 
transformation is possible between the two crystal modifica- 
tions. Whereas, a melting point usually guarantees a sharp 
transition, here, the existance of the two different crystal 
modifications docs not allow an exact tuning of the swiiching 
temperature. A high strain recovery rate in the range of 80% 
is observed (7= 80'C) upon application of a maximum strain 
e^xn the range of 100%, -R, still reaches values of around 60% 
at a maximum strain of more than 400%. The appearance 
of the shape-memory effect is explained by the formation of 
oriented crystallites upon application of high elongations of 
up to 600%. These oriented crystallites form a fibril-like 
structure with high regularity over large distances. The single 
fibrils are linked through amorphous 1.4-polybutadiene 
chains that are anchored in several crystallites at the same 
time. The highly ordered morphology described remains 
stable even after beating above 80**C. 

ABA Tfiblock Copolymer Made from FolyiUtrahydrofuran) 
(17) and Foly{2'methyl'2'Oxuzolin€) (16) 

ABA triblock copolymers with a central poly(tetrahydro- 
furan) block (B block) with number-average molecular 
weights between 4100 and 18800 and equipped with terminal 
poly(^meIhyl-2•oxazolinc) blocks (A block) with molecular 
weights of 1500 arc obtained by cationic ring-opening 
polymcriration.*''^ The A blocks exhibit glass transition tem- 
peratures around 80 "C and represent the hard-segment- 
forming phase. The poly(teirahydrofuran) blocks are semi- 
crystalline and exhibit a melting temperature between 20 and 
40 X. depending on their molecular, weight. These melting 
temperatures arc used as switching temperatures for a 
thermally induced shape-memory effect. As the thermal data 
of the two different segments do not differ significantly from 
the values of the respective homopolymers. one can assume 
that the material shows microphase separation. The materials 
with poly(tetrahydrofuran) blocks having a molecular weight 
greater than 13000 exhibit very good mechanical strength at 
room icmperaturc. In contrast to pure poly(tetrahydrofuran), 
the block copolymer materials show elastic properties and 
incomplete softening even above the melting temperature of 
the poly(tcirahydrofuran) segments. This observation is 
interpreted as the formation of a network with physical 
cross-links by the poly(2-mcihyl-2-oxazoline) blocks. These 
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blocks solidify below SOX to form a glass. If a sample with a 
number-average molecular weight of the central poly(telra- 
hydrofuran) block of 19000 is stretched to 250% elongation at 
22**C half the elongation will be kept after releasing the 
external stretching force. A neariy complete recovery takes 
place upon heating the sample to 40 

2.4.1,2. MuUihlock Copolymers with Tu,uu^ 

In phase-segregated block copolymers a glass transition can 
also be used as the switching transition for ihc shape-memory 
effect. A prerequisite is a glass transition that takes place 
within a narrow temperature range and above the usual 
operating temperature of this material. In the following 
paragraph, polymer systems are introduced whose shape- 
memory effect can be triggered by using a glass transition. All 
examples are polyurethane systems, in which the hard-seg- 
mcni-forming phase is synthesized from MDIA»4-bulancdiol. 
The switching segment blocks are mostly polyethers such as 
poly(tetrahydroturen) but also polyesters such as poly- 
(ethyiene adipaie) (24) ore used. In the case of an almost 
complete phase separation, the 
glass trR nsition tcmpe ra ture 0 
used as the switching transition ^iY''''^-''''""^-^0^^°T5" 
can origin from the^ pure o 
switching-segment blocks. In 
the case of less-separated phas- 
es, which can typicaUy be found for short switching-segment 
blocks, a mixed value from the glass transition temper- 
atures of the hard-segment-forming and the switching-scg- 
raent-forming phase can occur. This mixed revalue can be 
found between the glass transition temperatures of the pure 
hard-segment- and switching-segment-determining blocks. 

An example of materials with a mixed T, value arc the 
systems with poly(teirahydrofuran) switching-segment bloeks 
having number-average molecular weights of 250 and 650 that 
have been provided with a hard-segment-forming phase from 
MDI and 1.4-butanediol by using the pre^polymer meth- 
odic'- m The highest thermal transition T^cnn corresponding to 
the melting temperature of the hard-segment-forming phase 
can be found between 200 and 240^0 The phase-segregated 
block copolymers containing a swiiching segment with a 
molecular weight of = 250 exhibit a T^ value in the range 
between 16 and 54 'C depending on the bard-segment content 
(hard-scgmcnl content between 57 and 95 wt%). a revalue 
between -13 and 3SX for a switching segment with a 
molecular weight = 650 (hard segment content between 32 
and S7wt%), and a Tj value between -36 and 22°C for a 
switching segment with a molecular weight of Af„-1000 
(content of hard segment determining blocks between 23 and 
Slwi%). A mixed revalue can not be observed if poly- 
(leirahydrofurans) with a molecular weight of 2000 or 2900 
are used because of the good separation of the different 
blocks. Here, the occurring glass transition temperatures of 
the poly(ietrahydrofuran) blocks are also dependent on the 
hard-segment contcni because the hard segments restrict the 
mobility of the switching-segment chains. 

The shape-memory behavior is determined by means of a 
bending test (sec Section 2.3.2). In the course of the bending 
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test, the sample is bent at a cenain angle 6, at SO**C and kept in 
this deformation. The deformed sample is quickly cooled 
down lo - 20 and the external force is released. Finally, the 
sample is brought to the test temperature and its recovery lo 
the original angle is recorded. The deformation recovery rate 
is calculated from Equation (7), The value increases with 
increasing amounts of the hard-segmcnt<determining blocks. 
As a consequence, the temperature at which the shape- 
memory effect is triggered rises. The deformauon recovery 
rate increases with increasing amounts of the hard segment, 
and reaches values of up to 99 % for the nxatcrial synthesized 
from a poly(ceir3hydrofuran) with A/, = 250 and a hard- 
segmem content of 75 wt%. Complete recovery of materials 
prepared from a switching segment with Mn = 650 is only 
reached for a hard-segment content of 67 % and higher. A 
constant recovery rate of 95 % is reached after approximately 
100 repetitions of the bending experiment. If the deformation 
recovery race is plotted against the temperature, an increase in 
the switching temperature with increasing T,, or increasing 
bard-segment content, can be tound, as expected. 

Materials obtained from low molecular weight poly(tetra- 
hydrofurans) but with a high weight fraction of the hard- 
segmeni-fcrming phase show more or less complete defor- 
mation recovery The block copolymers with high amounts of 
hard segments (betvveen 67 and 9Swt%) show almost 
complete recovery independent of the molecular weight of 
po]y(tetrahydrofurans). The deformation recovery rate is 
higher as the molecular weight of the switching segment 
decreases. This effect is caased by an increased restriction of 
the shorter switching-segmenl chains lo coil themselves. A 
large amount of hard-segmenl-detcrmining blocks limiu the 
twisting and coiling of the switching segment chains and thus 
cotisiderably controls the shape-memory properties. In mate- 
rials with high molecular weight poly(tetrahydrofuran) 
blocks, the hard-segment-determining blocks can not fulfill 
this task etfectively Here, the more intense twisting of the 
chains clearly results in lower recovery rates. This effect can 
only be compensated for by increasing the proportion of hard- 
segment*determining blocks. 

Block copolymers containing a hard-scgment-forming 
phase of MDI and 1,4-butanediol and a switching segment 
based on poly(cThyleTie adipate) (U) can be triggered by a 
glass transition cemperatureJ"! The glass transition temper- 
ature obtained with switching segment blocks with weight- 
average molecular weights of 300, 600, and 1000 at a constant 
hard segment content of 75 mol % decreases from 4S to -S'C 
with increasing molecular weight of the poly(clhylcnc adip- 
ate)diols used. The value of the switching-segment phase in 
a block copolymer prepared from poly(ethylene adipate)diol 
with a molecular weight M. = 600 increases from 13 to 35 ''C 
as the hard-segment content increases (from 75 to 90 mol %). 
This effect is caused by an increased hindrance in the mobility 
of the swiichmg-segment chains. Cyclic, thermomechanicai 
tensile tests (4^ = 100%) of a material synthesized from a 
polymer with M^ = €00 and a hard segment content of 
8Smor/o (69wt%) show that the remaining strain after 
recovery fip increases with the number of cycles. The strain 
recoveiy rate decreases from S5 % after the first cycle to 70% 
after the fourth cycle. This behavior is a sign of increased 



fatigue in the material as the number of cycles increases; this 
fatigue is caused by an increase in the slippage of the 
amorphous segments. 

Since the 1980s Mitsubishi Heavy Industries have marketed 
shape-memory polymers that arc triggered by means of a glass 
transition temperature. Hayashi and co-workers have descri- 
bed polyurethane systems with shape-memory properties that 
exhibit a glass transition temperature in the range between 
-3U and 30 and discussed their application as auto chokes 
or therm osensitive switching valves.l'- An extension of these 
polyorcthane systems was described in a patent in 1992.''^' 
Here, materials with glass transition temperatures in the range 
of -45 to 48 X are described. This patent refers to the 
production of fabrics using threads made of polyurethane 
elastomers showing the shape-memory effect. These are 
supposed to enhance the crease resistance of the fabrics. 
Other applications discussed are moisture-permeable mem- 
branes in breathable fabrics whose permeability shows a sharp 
rise above the value because of a higher segment mobility. 

Tabic 2 presents a summary of the possible composition of 
the hard-segment- and the swiiching-scgmcnt-forming phases 
prepared at Mitsubishi. The hard-segment-deiermining blocks 
can be formed by toluene-2,4-diisocyanate (25. 2,4-TDI), 
MDI (18), carbodiimidc-modificd diisocyanates such as MDI 
and hexamethylene diisocyanaie (26, HDl), and chain ex* 
tenders such as ethylene glycol, bis(2-bydroxyethyl)hydro- 
quinonc, or a combination of 2,2'-bis(4-hydroxyphenyl)pro- 
pane (27 bisphenol A) and ethylene oxide. The switching- 



OCN 



26 



0^ V^-^ 



27 





segment-determining blocks can be formed by polyethcrs. for 
example. PEO (13. .W„«600), poly (propylene oxide) (28, 
iVf„=400, 700. 1000), poly(ietrahydrofuran) (17, Af„ = 400, 
650, 700» 850, 1000), or a combination of bisphenol A and 
propylene oxide {Wn = 800), or oligoescerv for example, 
poIy(butylene adipate) (29. M„ = 600. 1000. 2000). 

The results of cyclic, thermomechanicai tensile tests with 
maximum elongations e„ of 50 and 100% for two nuterials 
differing in E modulus above their values of 45 *C are 
reported: one material with polyester switching blocks and a 
relatively high E modulus and another nuterial with poly- 
cther switching blocks with a low E modulus. In the course of 
the cyclic, thermomechanicai tensile test, the test pieces were 
stretched at a temperature Tb,^ of 65 "C to the maximum 
elongation mentioned above. The samples were then 
cooled down to a temperature Tu^ of 25X and kept for five 
minuces at this Temperature— the deformation was fixed by 
cooling below the sysiem*s glass transition temperature. 
Subsequently, the external stress was released, the sample 
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was heated to 7,,^^,,, and the recovery caused by ihe thermally 
induced shape-memory effect was recorded. The next cycle 
was then started. The strain remaining after the materials 
recovery «p increases with a growing number of cycles. The 
strain recovery rate already decreases during the first 4- 
5 cycles, which indicates an increasing fatigue of the material 
or a deterioration of the shape-memory properties. This 
behavior is interpreted in terms of an irreversible slipping of 
the chains within the amorphous segments, disentangling of 
mechanical entanglements, and a partial breakage of the 
crystalline hard segments especially after the first two cycles. 
The best strain recovery rates (or an applied maximum 
elongation €„ of 50 and 100% are observed for the polyether- 
bascd material (Table 10). 

TAble Ul Stfiiii ffecftvery rate after the finri and ffluMh cycle. The v^tues 

arc cDlcuIated from Figures ft and 9 In ret (9). 
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2.4,2. Other Thermoplastic Pofynnrs 



Polynorbornenc 

Norsorex is a linear, amorphous polynorbomecc 30 devel- 
oped by the companies CdF Chcmie/Nippon 2eon in the late 
I97O5. The molecular weight of this polynorbomene is about 
3 X 10*. i"' It is synthesized by a ring-opening metathesis 

polymerization of norbor- 
neae using a tungsten -car- 
bcne complex as catalyst. 
The obtained polynorbor- 
nene contains 70 to 
80mol% of rrw-linked norbomene units and has a glass 
transition temperature between 35 and 45 '*C^'* '^1 The shape- 
memory effect of this strictly amorphous material is based on 
the formation of a physically cross-Linked network as a result 
of entanglements of the high molecular weight linear chains, 
and on the transition from the glassy state to the rubber-elastic 
state (see Section 2.1.1).'*** The material softens abruptly 
above the glass transition temperature T^. If the chains are 
stretched quickly in this state and the material is rapidly 
cooled down again below the glass transition temperature the 
polynorborncnc chains can neither slip over each other 
rapidly enough nor disentangle. It ts possible to freeze the 
Induced elastic stress within the material by rapid cooling. 
Therefore, the sum of the time period for the stretching 
process Ar^„,«H and the cooling process ^t^^^ has to be much 
shorter than the time period it would take the stretched 
system to relax Af„,„,t.«„ (Af,i,c.<i» + A'coni<s: The 
recovery of the maieriars original shape can be observed by 
heating again to a temperature above T^. This occurs because 
of the thermally induced shape-memory effect. '^''l 

The norsorex described is not inevitably purely amorphous. 
Salcurai and Takahashi have reported a high molecular weight 



polynorbomene wiih a high proportion of tran^\\nkz6 
noi bornenc units showing a tendency towards strain-induced 
crystallization.^'" A material that has been stretched four 
times at 90*'C and has been cooled down rapidly to 0*C then 
exhibits a melung point of 85 "C Wide-angle X-ray scattering 
(WAXS) analysis shows X-ray reflections that can be 
attributed to ch and trans crystallites. The intensity of these 
reflections correlates with the content of c\s and trans crys- 
tallites. On the basis of this obsei^aiion. the possibility must 
not be excluded that crystallites acting as physical aetpoints 
contribute to the shape-memory effect. 

Organic -inorganic hybrid polymcn consisUng of polynor- 
bomene units that are partially substituted by polyhedral, 
oligomeric silsesquioxanes (POSS, that is, polycyclic silicon- 
oxygen compounds of the general formula Si^^^I^^Oj^) also 
form an amorphous polynorbomene material.f*'' The hydro- 
gen atoms of the POSS units aie either substituted by 
cyclohexyl or cyclopentyl subsiituents (31a, b). A POSS- 
modificd polynorbomene is obtained with a content of 60 to 




„>»--o— . ^^^^^^^ 



31 a,b 

a: R = Cyclopenlyl 
h.' R = Cyctohexyf 



73mol% cij-Unked norbornene units by a ring-opening 
metathesis poiymerization of hybrid- POSS-norbornene mon- 
omers and norbornene using a molybdenum catalyst. Up to 
8.4moI% or 50wt% of the POSS-modified norbornene can 
be incorporated into the polynorbomene material by using 
this ccpolymcrizalion process. The weight-average molecular 
weights obtained are in the range between 75000 and 740000. 
The glass transition temperature increa.tes from 52 'C for pure 
polynorbomene (60 mol % cis content) to 61 in the case of 
a polynorborneoe with a content of 50wi% of a POSS 
norbomene with cyclohexyl substituents. 

The increase in the glass transition temperature of the 
polynorbomene by incorporation of the POSS modified 
comotiomcrs results in an improved heat and oxidation 
resistance. It is the C-C double bond in each repeating unit 
that makes pure polynorborncnc sensitive towards oxidation. 
It should be possible to obtain be iter shape-memory proper- 
ties by increasing the glass transition temperature to addi- 
tionally slow down the relaxation of the polynorbomyl chains 
after stretching above T,. WAXS investigations show that the 
material with cyclohexyl subsiituents is amorphous, like pure 
polynorboraenc, whereas the POSS groups aggregate within 
the material containing cyclopentyl substituents and show 
phase separation to a certain extent. This arrangement of the 
side groups provides an additional physical cross-link and . 
hence a stabilization of the material above T^, 
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Qearly, better shape-memory properties cAn be obseived 
relative to pure polynorbornene or the polynoibomcne 
maieriab with P0S5 co-monomers bearing cyclohcxyl sub- 
stiiucnts. If a maximum eJongation of 300% is applied, 
both the pure polynorbornene and the POSS-modified 
polynorborAcne with cyclopeniyl substituents show a strain 
r<icovery rate of approximately 7S% upon heating to a 
temperature above 7*,. If the recovery expcrimeni is per- 
formed under a stress of 0.8 M Pa for the polynorbornene 
homopolymer, because of the increased softening at temper- 
aiure^ above after reaching the maximum recovery of 75 % 
at a temperature of 70**C, a^ain a stretching to over 200 % at a 
temperature of 9U*'C can be observed. However, ihc poly- 
norbornene with a content of 50wt% FOSS-modified nor- 
boinene with eyclopentyl subsiiiuencs retains its shape even «il 
high temperatures (up to IBCC) because of the stabilization 
described. 



2.4.2.2. Polycihylene/NyIon-6' Craft Copolymer 

Polyethylene (32, PE) grafted with nylon-6 (33) that has 
been produced in a reactive blending process of PE with 
nylon-6 by adding maleic anhydride and dicumyl peroxide 
shows shape-memory propcrtie5.^''''^J The nylon-6 content of 



2.5. Chemically Cross-Linked Shape-Memory Polymers 

There are two straiegics for the synthesis of polymer 
networks, Finlly, the polymer network can be synthesized by 
polymerization, polycondensation^ or poly addition of difunc- 
tional monomers and macromonomers by the addition of tri- 
or higher funaional cross-linkers. Figure 7 a shows the syn- 
thesis of covalenily bound networks by treating methacrylate 




b) 



32 



33 



these materials is between S and 20 wt%. Nylon-6, which has 
a high melting temperature of around 220''C, comprises the 
hard -segment-forming domains (domain size below 0.3 \an) in 
a matrix of semicrystalline PE. These domains form stable 
physical necpoints. The switching temperature for the tbe^ 
mally induced shape- memory effect is given by the melting 
point of the PE crystallites of 120 'C The polyethylene 
crystallites aa as molecular switches. Strain fixity rates of 
around 99% and strain recovery rates between 95 and 97% 
have been determined for these materials for an elongation 
of 100% (see Table 11). For nylon-6 contents between 5 and 
20wt%, no definite influence of the nylon content on the 
shape-memory properties can be found. The highest recovery 
rate has been determined to be at 120^*0 = 2 K, which is in 
the range of the melting temperature of the PE crystallites. 
The shape-memory properties of PE cross-linked by 
treatment with ionizing radiation are given in Table 11 for 
comparison. 



Table 11. Dependence of the sum recovery raw (K) and strain fixity rate 
(Rt) on aylon-6 conient Tlie values arv lakcn from Tabic 3 in tcL (100). 
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lonl2inQ rfldiBtion or 
radical NfiaJof 




Figure 7. Synthesis strategies for polymer neiworka a) by polyntcrizatiofi 
or b) by cross-linking of linear polymers. 



monomers v/ich an oligomeric dimethacryUtc as a cross- 
linker. The chemical, thermal, and mechanical properties of 
the network can be adusted by the choice of monomers, their 
functionality, and the cross^linker content. The second 
strategy to obtain polymer networks is the subsequent cross- 
linking of linear or branched polymers (Figure 7 b). In all the 
methods aimed at subsequent cross-linking of linear polymers 
the structure of the obtained network is strongly dependent 
on the reaction conditions and curing times, especially the 
cross-link density. The cross-linking of linear polymers can 
take place by a radical mechanism involving ionizing radiation 
or by the elimination of low molecular weight compounds to 
generate unsaturated carbon bonds. These have the capability 
to form chemical cross-links. The addition of radical initiators 
to linear polymers makes it possible to convert polymer chams 
into radicals that are able to recombine intermolecularly. 
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In the following section examples of the synthesis of shape- 
memory polymer networks for both synthetic strotcgics are 
presented. Polymers cross-linked by means of ionizing 
radiation have particular economic significance. 

2.S.L Nttwork Synthesis by Subsequent Cfoss-Linking of 
Linear Polymers 

2.5. LL Polymtrs Cross-Linked by Means of Ionizing 
Radiation 

Chariesby v^as the first to describe the "memory effect" of 
polyethylene created with ionizing radiation (y rays or neu- 
uon$).^l A chemically cross*linked neivork is formed by 
application of low doses of irradiaiion. Folyethylene chains 
are orieniaced upon application of mechanical stress above 
the melting temperature of the polyethylene crystallites, 
which can be in the range between 60 and 734X. Poly- 
ethylene crystals are formed by cooling below lis crystalliza- 
tion temperature, and these can fix the temporary shape by 
acting as physical netpoints. Heating the material above the 
melting temperature of the crystalline domains results in the 
material returning to its permanent shape, which was fixed 
during the irradiation process.^ 

This technology has reached high economic significance in 
the field of hcat-shrinkable products. Materials thai arc most 
often used for the production of hcat-shrinkable polymers are 
HDPE, LDPE. and copolymers of PE and poly( vinyl acetate) 
(34)j^-^ *i After shaping, for example, by extrusion or 
compression molding, the polymer is covalently cross-linked 
by means of ionizing radiation, for example, by highly 
accelerated electrons having energies of 0.5 
"^Y^ 34 ^0 ^ W*^' energy and dose of the 
radiation have to be adjusted to the geom- 
o etry of the sample to reach a sufficiently 

high degree of cro5s«l\nktng and hence 
sufficent fixation of the permanent shape. The radiation dose 
should reach values between 20 and 30 Mrad (200 -300 kGy). 
Subsequently, the preformed parts are heated above the 
melting temperature of the crystallites. At this temperature 
the material has rubber-elastic or viscoelastic propenies. The 
samples formed in this state and then cooled down keep their 
temporary shape in the cooled state. The technical term for 
this process is "expansion'*. Commercial products have 
expansion ratios of up to 6:1. Depending on the intended 
appUcaiiOQ, heat-shrinkable products made of cross-linked, 
semicrystaJline polymers arc delivered cither as semifinished 
products, for example, as heat-^hrinkablc tubing, or as the 
fuial products in the expanded stale. These are connected to a 
substrate by a heai Treatment Areas of applications arc, 
among others, the packing industry, electronic, civil, and 
process engineering. 

The influence of the degree of cross-linking of y-cross- 
linked PE on the gel content and heat-shrink properties was 
described for LDPE and HDPE.i'^1 The gel content increases 
with the applied radiation dose (0-160 kGy). For both 
materials, the gel point is exceeded by application of radiation 
doses between 1 1 and 22 kGy. A higher gel content is reached 
at the same dose for HDPE. The gel content reaches values of 



around 60% for radiation doses of 160 kGy. At a dose of 
lOO kGy, the heat shrinkage is between 94 and 100% (T=s 
130 "O for LDPE and 100% (r= 150 *C) for HDPE. Both the 
applied radiation dose and the shrink temperature chosen 
have a decisive influence on the heat shrinkage is reached: it 
increases with increasing radiation dose and temperature. 

2.5.1.2. Networks Synrhesized by Subsequent Chemical Cross- 
Linking 

Healing poly (vinyl chloride) (35. PVC) under a vacuum 
results in the elimination of hydrogen chloride in a thermal 
dehydrochlorination reaction. The material 
can be subsequently cross-Imkcd in an HCl Sy^^^J* as 
atmosphere. The polymer network obtained ^' 
shows a shape-memory effect. Skakalova 
et al. have dehydrochlorinaied a non-cross-linked PVC with 
a number-average molecular weight of about 50000 and 
subsequently cros»-lxnked iiS^^^ The degree of dehydrochlori- 
nation varied between 0.6 and 86%. At the beginning of the 
dehydrochlorination reaction a strongly cross-linked structure 
is formed. Afterwards, an increasing degradation of the chains 
takes place that is accompanied by a loss in the thermal and 
mechanical stability of the material. 

The shape-memory effect of the material was recorded on 
observing the recovery of a sample, which had been com- 
pressed before, with an original volume upon heating 
above the glass transition temperature of about S3'C by 
mean^^ of dilatometry [Eq. (9)]. The highest relative increase 



(9) 



in volume aV(T) with values £(7) of 2.0 is reached by .samples 
with a degree of dehydrochlorination of 12.9 and 22.5% at a 
temperature of 100 *C The very weakly dehydrochlorinaied 
sample (degree of dehydrochlorination of 0.6%) shows 
almost no recovery. Samples wiih a degree of dehydrochlori- 
nation of 2,6 and 54.4% exhibit an increase in their relative 
volxmte ((T) of 1.0. 

Polyethylene - Poly (vinyl acetate) Cnp olymers 

Cross-linked poly(ethylcnc-co-(vinyl acetate)] is produced 
by treating the radical mitialor dicumyl peroxide with linear 
poly(cihylenc-co-(vinyl acetate)] (36) in a thermally induced 
cross-linking proccss.f'^*l Materials with different degrees of 
cross-linking arc obtained depending on the initiator concen- 
tration, the cross-linking tern- , ^^-lj uL 
perature, and the curing time. 1^*'^''"'"'?^'^^ 36 
The gel content of the obtained 
cross-linked materials can be o 
used as an estimate of the de- 
gree ot cross-linking. The co-monomer vinyl aceute, which is 
randomly incorporated into poly(cthylene-co-vinyl acetate) 
by copolymerization, causes a decrease in the melting 
temperature of polyethylene crystallites relative to the PE 
homopolymer. A copolymer having a vinyl acetate content of 
2S wi % shows a melting temperature of 70 ''C ± 1.5 K for the 
polyethylene crystallites. The cross-linking does not signifi- 
cantly influence the melting temperature. The values obtained 
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for strain fixity and sirain recovery rales at a mi^ximum 
elongation fio» of 100% for maicrials which have been cross- 
linked at 170 "C are shown in Table 12. To determine these 
properties, polymer samples were heated up to bO'C, 
stretched to c:„ = 100%. ajid cooled down quickly to fix the 
deformation. A strain recovery is observed upon healing the 
sample up to 90 'C The strongest recovery effect is found at 
temperatures just above 60**C, which is close to the melting 
point. The strain recovery rate for polymer networks having 
gel contents lower than 30% already decreases strongly 
during the first four thermocycles. In contrast, the strain 
recovery rates of polymer networks which are cross-linked 
more strongly, with gel contents higher than 30%, stay 
constant or increase during the first four cycles. 



Table 12. Dependence of the sirun recovery race {R,) and simin fixity rate 
{R() on ^1 oonccnc of poly(eihylene-<:tf*(vtnyl occiaic)) (EVA) w an 
estimiiie for the degree of crcK««linking. The values are teken from Table 
in cef. [104]. 



Sample (gel coa(ent) 
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EVA (3.2%) 
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EVA (10 5%) 


68.3 


97.7 


EVA (3.^5%) 
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96.1 


EVA(41J^i) 


96.3 
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and 100 wi %. The melting point of the crystalline domains of 
41 to Al^C is independent of the ociadecy] vinyl ether content 
which supports the assumption of almost complete phase 
separation. A strain fixity rate of 63% is reached upon 
stretching a polymer sample to at 60^0 and 

subsequent cooling. A funher heating up to 60 *C initiates the 
shape-memory effect. The materials recovery b described as 
being complete. However, the strain recovery rate was not 
quantified more predsely with respect to the composiiiofl of 
the materiaLl"'^''"7l 



2.6. Biodegradable Shape-Memory Polymer Systems 

A very promising field in which shape-memory polymers 
can be the enabling technology for future applications, is the 
area of biomedicineJ'- Synthetic, degradable implant 
materials have led co dramatic progress in a variety of medical 
treatments. The highly ixmovative potential of degradable 
biomaierials is opposed by the time-consuming and cost- 
intensive procedure for obtaining approval for use in medical 
devices. In the next section* a short overview about well- 
established materials used for implants is followed by the 
introduction of degradable implant materials which exhibit a 
thermally induced shape-memory effect. 



2.S.2. Synthesis of Shap^Mtmory Networks by 
Copolymerization of Monofunctional Monomers with 
Low- Molecular Weight or Oligomeric Cross-Linkers 

Cov3ienily cross-linked copolymers made from stearyl 
aery late, merhacrylate (37), and iV,A^-methylenebisacryi- 
amide vts a cross-linker exhibit a shape-memory effect. The 
thermal trtmsition triggering the shape-memory effect is the 
melting point of the crystalline domains formed by the stearyl 
side chains. The content of stearyl acrylate varies beiweea 25 
and ion mol%. The melting/switching temperatures ri,„, for 
the shape -memory effect are found between 35 ''C for a siear>'l 
acrylate content of 25 mor/o and 50*C for pure stearyl 
acrylate cross-linked by iV,A^'-methylencbisacrylamide, The 
temporary shape is programmed by stretching (he sample at 
60^*0 and then cooling. The permanent shape will be 
recovered if the polymer sample is heated up above the 
switching icmpcraturc.l"*^! 



o 
37 



as 



Multiphase copolymer networks are obtained by radical 
copolymerization of poly(ocTadecyl vinyl ether)diacrylates 
(36) or -dimethacrylates with butyl acrylate. The octadecyl 
side chains can cry.sta{|ize because of the phase separation. 
The poiy(octadecyl vinyl etheiOdiacrylates used in the syn- 
thesis have number-average molecular weights of around 
5000. The poly(octadccyl vinyl ether) contents are between 20 



2. 6. J. Degradable Implant Materials 

Significant progress was made in surgical procedures at the 
beginning of the 1970s by the inuoduciion of resorbable, 
synthetic implant materials as suture materials.!'*'*' These 
materials are polyhydroxycarboxylLc acids, such as polyglyco- 
lide 39, or the copolyesters of L-lactic acid and giycoltc acid. 
These aliphatic polyesters are still being used successfully 
today and have become a well established standard. Only a 
IcMf other degradable polymers o 
have been commercialized since ^y^®^^^***^ ^ 
that time. This fact is caused by o 
the time-consuming and cost-in- 
tensive approval procedure for medical devices. An example 
of a group of materials which were developed in the 1980s are 
the polyanhydrides,^'"' Based on a polyanhydridc matrix, rhe 
implantable drug-delivery systems gliadel (treatment of brain 
tumors glioblastoma multiforme) and septicin (combat of 
chronic bone infections) have been developed. PoJyanhy- 
drides show surface erosion^ while polybydroxycarboxylic 
acids are degraded in the bulk. 

The number of potential applications for degradable im- 
plant materials is growing constantly. On the one hand, the 
growing confidence of clinicians to the concept of degradable 
implanu on the basis of the positive experience gained upon 
application of established materials have led to this trend. On 
the ether hand, novel therapeutic concepts have been 
developed using the advanuges of degradable biomaierials. 
for example, tissue reconstruction based on porous scaffolds, 
which can be cultivated with celk (tissue engineering).^^'' 

The requirements for an implant material are determined 
by Che specific application. The key properties of degradable 
biomaterials are their mechanical properties, their degrada- 
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Uon rate, and degradation behavior, as well as biocompati- 
bility and functionality. E^ch application requires a specific 
combination of these propertiesu With the growing number of 
poiencial applicaitonSi the number of maierials needed that 
show different corabi nations of these properties is also 
increasing. However, the properties of the established bio- 
materials can only be varied in a limited ran^e. Therefore, a 
new generation of degradable implant materials is needed. 

The shape-memory polymeri presented in the following 
section are considered to be promising candidates for the next 
generation of dcgiadable implant materials. This concept is 
especially promising for these materials because it is a 
polymer system, that is» a group of polymers in which different 
macroscopic properties of the polymer can be varied virtually 
independently from each other in a wide range by only small 
changes in the chemical structure. 

2.6.2. Foiymer Systems with Shape-Memory Froperties 

Stimuli-sensitive implAnt materials have a high potential for 
applications in minimally invasive surgery. Degradable im- 
plants could be inserted into the human body in a compressed 
(temporary) shape through a small incision. When they are 
placed at the correct position, they obtain their application- 
relevant shape after warming up to body tempeiaiurc. After a 
defmed time period, the implant is degraded and becomes 
vesorbed. In this ctisc a follow-on surgery to remove the 
implant is not necessary. 

Metallic shape-memory alloys such as nitinol are already 
used for biomedical applications as cardiovascular stunts, 
guide wires, as well as orthodontic wires.l**^ However, the 
mechanical properties of these alloys can only be varied in a 
limited range. The deformation between temporary and 
permanent shape is limited to 8% at best. Furthermore, the 
programming of these materials is time-consuming and 
demands temperatures of several hundred degree CelsiusJ*^' 

Designing degradable shape-memory polymers includes 
selecting suitable netpoints« which determine the permanent 
shape, and net chains, which act as switching segments. 
Furthermore, appropriate synthetic strategies have to be 
developed. The risk of possible toxic effects of polymers can 
already be minimized by selecting monomers whose homo- or 
copolymers have been proven to be biocompatible. 

Appropriate switching segments for degradable shape- 
memory polymers can be found by considering the thermal 
properties of well-established degradable implant materials. 
The respective macrodiols, which can be used for the synthesis 
of shape-memory polymers, can be produced by means of 
ring-opening polymerization of lactones and cyclic dicslers, 
such as 40 - 44, with a low molecular weight did (Scheme 2). 
The sequence structure of the copolyesters can be influenced 
by polymerizing with or without catalyst. The molecular 
weight M„ could be adjusted between 500 and 10000 by the 
stochiometric ratio of the starting maierials.^"^* For biomed- 
ical applications, a thermal transition of the switching seg- 
ments in the temperature range between room and body 
temperature is of special interest. TWo possible candidates 
were identified for use in this temperature range: poly- 
(e-caprolactone}diol.s, which exhibit a melting temperature 7^, 
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40 41 42 43 44 

I +H0-K-OH 

HO-co-oligo<e:hef)«slor~ R — ca-ollgo(«if)er)esler-OH 
Scheinc 2. Synthesis macrodiob from cyclic of diniers and lactones. 

in the range of 46 and 64 *C (sec Table 3). as well as 
amorphous copolyesters of diglycolide 40 and dilactide, which 
have a glass transition temperature in the range between 3S 
and 50^Cl"^l However, one has (o be aware thai the decrease 
in glass transition temperature of macrodiols with decreasing 
chain length is attributed to the amount of freely moving 
chain ends. If the end groups of these telechelics arc bonded 
covalenily into a polymer, the decrease in the value can no 
longer be observed. 

The netpoints can either be of physical or chemical nature 
(see Section 2.1.2). In the following section one example for 
each case of a thermoplastic elastomer and a covalently cross- 
linked polymer network are described. 

2.6,2.1. Biodegradable ThermoplajtUc Elastomers with Shape 
Memory 

A series of biocompatible and simultaneously biodegrad- 
able multiblock copolymers with shape-memory properties 
could be synthesized for the first tinae based on the macrodiols 
shown in Scheme 2. The thermoplastic elastomers resulting 
from the synthesis are elastic at room temperature and exhibit 
high elongation at break of 650 to 1100% with tensile 
moduli between 34 and 90 MPa.f^'*^ 

On the one hand, these polymers are linear multiblock 
copolymers that have a crystallizable hard segment (T,,) of 
poly(p-dioxanone) (45) and an amorphous switching segment 
(here, poly[(L-lactide)-c^)-glycolide] (46) with a giycolide 
content of 15 mol%) that exhibits a glass transition temper- 
ature Tj. On the other hand, multiblock copolymers have 
been synthesized whose switching-segment-detcnnining 
blocks consist of a crystallizable poly(£-caprolactone) seg- 
ment. 

O 0 ' o 

45 46 

The thermoplastic elastomers are synthesized by a co- 
condensation of two different macrodiob by means of a 
bifunctional coupling agent, for example, diisocyanate, diacid 
dichloride, or phosgene (Scheme 3). It is necessary to reach 
high molecular weights with values of Mn, ia the range of 
lOOOOO to obtain Ihe desired mechanical properties. The 
molecular parameters that determine this polymer system are 
the molecular weight, the microsiructure (sequence), and the 
co-monomer ratio of the macrodiols as well as the hard- 
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ff HO-C 



3-OH * m HQ-\^y\^H + (o^m) OCN NCO 



hBn^asmMi^dvMnnlnlfis >MtctilnB-«a8mant4et9nnlnlno 
biQck block 

Scheme 3. Synthesis of multibtoclc copolymers by the coupling of different 
macrodiolex. 

segment conienl within the mullibloci; copolymer. The new 
copolyester ureihancs are complcicly hydrolyiically degrad- 
able, find the degradation rate can be varied over a wide range 
(Figure JJ). In contrast to the degradation behavior of several 
polyhydroxycarbox7Hc acids, mass loss can be observed quite 
early in the case of the shape-memory polymers under 
investigacion. It is found that they become almost linear with 
degradation time. 
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Figure 8. Hydrolj'tic degradation of different copolyester ureihancs in 
aqueous buffer solulion (pH = 7) at 70 'C Sy.«em A: Switching scgmeni 
from poIy(L-laciide-co-glycoUdc) with a content of 15 mol% glycolidc wiih 
30 wi % (o) and 40 wt % hard segntent (o): system B: switching segment 
fnvm paly(r'caprola«one) wiih 30 wt% hard segment (^). 



2,6.2.2, Biodegradable Polymer Networks wiih Shape 
Kfemory 

A polymer system with an AB polymer network structure 
has been developed based on oligo(e-caprolactone)dioi as the 
corpponent that forms a crystallizable switching segment J'' 
For thai purpose. oUgo(£^caprolactonc)dioU have been func- 
tionalized with methacrylaie end groups that can undergo a 
polymerization reaction. The co-monomer of choice was n- 
buiyl acrylatc because of the low value of pure poly(n-bulyl 
acrylate) (-SS^C) which is supposed to determine the soft 
segment of the resulting polymer network. The molecular 
weight of the used oligo(£-capro lactone) dimcthacrylate cross- 
linker and the co-monomer content of butyl acrylatc repre- 
sent the molecular parameters for controlling crystallinity as 
well as the switching temperature and mechanical properties. 
In contrast to the described process for the cross-linking of 
dlacrylaces by photopolymerizalion, in this case the cross- 
Hnking is performed without the addition of an initiator.!' "1 
The number- average molecular weights of the oligo(f-capro- 
Iactone)dimethacrylates used were 2000 and 10000. The 
cross-link density was varied by the addition of 11 to 
90 wc% butyl acrylate in the case of the low molecular weight 
and by addition of 20 to 71 wt% butyl acrylatc for the high 



molecular weight oligo(c-caprolactone)dinicthacrylaic. The 
cross-link density increases with decreasing content of butyl 
acrylate. 

The butyl acrylate content influences the thermal proper- 
ties of Che AB network formed, especially for the oligo(f- 
caprolactone)dimelh acrylate with a molecular weight of 2000. 
Here, a meltiog point of T„, = 25''C can be observed only in 
the case of a very low content of butyl acrylate of 11 wt % . The 
corresponding homo-network of oligo(e-caprolaclonc)dimeth- 
acrylate has a melting point of 32 "C. All the other networks of 
this series were found to be completely amorphous. For the 
networks of butyl acrylate and oligo(e-caprolactone)dimetha- 
crylace having a number-average molecular weight of 10000. 
the melting point decreases by up to 5 K to 46 "C with 
increasing butyl acrylatc contenL 

The mechanical properties of boch materials containing 
oligo(e<aprolacionc) segments with number-average molec- 
ular weights of 2000 or lOflOO change significantly with 
increasing butyl acrylatc content. The values of the elastic 
modulus, the tensile strength <7„, and the tensile stress at 
break a^, decrease by approximately an order of magnitude. 
The absolute values are one order of magnitude higher for the 
series with the oligo(f-caprolactooe) segments having num- 
ber-average molecular weights of 10000. Strain fixity rates 
between 95 and 85% as well as strain recovery rates from 98 
to 93 % could be obtained in cyclic, thcrmomechanical tensile 
tests of the network containing the higher molecular weight 
oligo(£-caprolactone) segments. Alt materials reached a 
constant strain recovery rate of 99% after three thermocydes 
(Figure 9). 
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Figure 9. Shape recovery rate /t^.ta and shape fixity raic X, as a i'unciton ol 
buiy) aeryl«iB (2) coatcnt x (in wt%). 



3. Siunmary and Outlook 

Shape •memory polymers belong to the group of intelligent 
("smart*') polymers. They have the capability to change their 
shape on exposure to an external stimulus. This article has 
. given an overview of the state of the art and the future 
potential of the shape-memory technology for polymers with 
a thezmally induced one -way effect. The polymer switches 
from its actual, temporary shape to its memorized, pennanent 
shape when it exceeds the switching temperature T,„„,. 

This shapc-momory technology consists of two compo- 
nents: on the one hand the polymer architecture or morphol- 
ogy has to fulfill certain structural requirements, and on the 
ocher hand a special processing and programming technology 
is needed. Optimizing these two components includes the 
application of special characterization tcchm'ques. In partic- 
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ular cydic. therm omechanical measurements are performed. 
These methods allow not only quaucificacion of the shape- 
memoiy effect but also optimization of pro^amming param- 
eters (Tifl*, Tki^h, healing rales, etc.). A detailed knowledge 
of the molecular mechanism of the shape-memory effect and 
of the corresponding structure/property relationships is 
necessary to understand the mutual dependencies of the 
different macroscopic effects. For example, the strain recov- 
ery rale R, not only depends on the kind of polymer but also 
on the strain e^ lhat describes the maximum deformation 
during the cyclic thcrmomechanical tensile test. Only a few 
data sets concerning the shape-memory properties of the 
polymers which are comparable to each other and systemati- 
cally determined are described in the scientific Eterature. A 
complete data set comprises, in particular, a comprehensive 
characterization of the structure and composition of these 
polymers. 

In the broadest sense, shape-memory polymers that show a 
thermally induced shape-memory effect are networJcs. The 
netpoints. which can either have chemical or physical nature, 
determine the permanent shape. The net chains show a 
thermal transition in the temperature range in which the 
shape^memory effect is supposed to be triggered. The 
temporary shape can be stabilized by the transition r^„„ 
which is based on the switching segments. If a polymer 
contains several different blocks, mixed phases can be formed, 
to which a single mixed glass transition is attributed. The 
mixing behavior of the switching segment with other segments 
has to be considered during the design of the polymer. This is 
of particular importance if the shape-memory effect is 
triggered by a glass transition. If T^^nt is a melting point the 
crystallization behavior of the switching segment can be 
influenced by modifying different programming parameters. 
These parameters include the cooling rate from T^^h to T,,^. 
the temperature at which the polymer sample crystallizes, 
and the time period when the sample is held at Both the 
deformabilily from the permanent to the temporary shape 
and the recovery of the permanent shape can be attributed to 
entropy elasticity on the molecular scale (see Section 2.1.3). 

Thermoplastic elastomers and covalent polymer networks 
differ not only in their properties but also in the correspond- 
ing processing and programnung procedures. Certain limita- 
tions ariic from the molecular structure of both types of 
materials. Block copolymers with shape-memory properties 
require a minimum weight fraction of hard-segroent-decer- 
mining blocks to ensure that the respective domains act as 
physical netpoints. Relaxation and reorganization processes, 
such as the sliding of chains in single domains, can complicate 
the programming of these materials. Covalcntly cross-linked 
shape-memory polymers can comprise a higher weight 
fraction of switching-scgmcnt-dctcrmining blocks compared 
to thermoplasts. Exceeding the switching transition may, in 
the case of a very high content of the switching segment, result 
in the occurrence of high stresses, which may, in an extreme 
example, cause damage to the sample. 

As a result of theii* different profile qualities, both types of 
luaiexial, thermoplastic elastomers and covalently cross- 
linked polymer networks, are qualified for different appiica- 
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tions. Therefore, both will have relevance for industrial 
applications in the future. 

The handling of high molecular weight, amorphous poly- 
mers whose permanent shape is exclusively fixed by entan- 
glements of the polymer chains within a certain time interval 
are challenging. For example, high precision for the program- 
ming as well as for the recovery process is necessary to avoid a 
flowing of the material. However, long-term storage of 
samples in their temporary shape is difficult because mod- 
ification of Ihc permanent shape by any type of relaxation 
processes may occur. Therefore, a broad range of applications 
for such materials is unlikely. 

A group of implant materials with shape memory that have 
been developed for biomedical applications was described. 
These implant materials are not a single polymer with a 
specific composition but polymer systems which allow varia- 
tion of different macroscopic properties within a wide range 
through only small changes in the chemical structure. For this 
reason a variety of different applications can be realized with 
tailor-made polymers of the same family. The polymers are 
mainly synthesized from a few monomers that are already 
used in the synthesis of established, degradable biomaterials. 
Both thermoplastic elastomers as well as covalently cross- 
linked polymer networks have been prepared and investigat- 
ed. The synthesis of thermoplastic muliiblock copolymers 
could successfully be scaled-up to the production of kilogram 
amounts in batch processes. Comprehensive in vitro inves- 
tigations of their tissue compatibility are currently being 
performed. The first results are promising. In cooperation 
with physicians and biologists, concrete applications are being 
developed and tested in preclinical studies. 

The thermally induced one-way shape-memory effect is not 
confined to polymers. It has also been described for other 
materials, especially for metallic alloys and gels. However, the 
mechanical properties of shape-memory alloys, such a$ 
nitinol. can only be varied over a limited range. Their 
strongest restriction is the maximum deformation of only 
8% between their permanent and temporary shapes. Shape- 
memory polymers can be deformed to much higher degrees 
and elongation up to 1100% is possible. Their mechanical 
properties can be varied over a wide range, particularly in the 
case of polymer systems. Polymers arc cheaper than metallic 
alloys. Their processing and programming is less complicated. 
The fast programming process of shape-memory polymers 
enables an implant to be individually adapted to the need of a 
patient in the operating theatre. In principle, shape-memory 
polymers differ from stimuli-sensitive hydrogels in their 
higher mechanical stability. 

Potential apphcations for shape-memory polymers exist in 
almost every area of daily life: from self-repairing auto bodies 
to kitchen utensils, from switches to sensors, from intelligent 
packing to tools. Only a few of these applications have been 
implemented to date, since only a few shape -memory 
polymers have so far been investigated and even less arc 
available on the market. The majority of these polymers have 
not been designed especially as shape-memory materials. 
Here, the material design is at its very beginning. Extensive 
innovations have to be anticipated because of the interesting 
economical prospects lhat have already been realized for the 
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shape-memory technology within a short lime period. Besides 
other stimuli, such as light or electromagnetic fields, the two- 
way shape-memory effect will play a prominent role in future 
developments. 

An example which illustrates the tremendous potential of 
the shape-memory technology are polymer systems with 
shape-memory properties which have specifically been devel- 
oped for medical apphcarions by applying modern methods of 
polymer chemistry and biomaterial science. These deveJop- 
menis have resulted in available intelligent polymers with 
tailor-made properties. Degradable shape-memory polymers 
provide interesting advantages over metal implants. On the 
one hand a follow-on surgery to remove the implant can be 
avoided, and on the other hand such medical products cm be 
introduced into the body by minimally invasive procedures 
through a small incision. In this way, patients benefit from a 
more gentle treatment and costs in health care can be 
reduced. In this sense, shape-memory implant materials have 
the potentiaJ to influence decisively the way medicinal 
products are designed in the future. 

4. Abbreviations 

2.4.TD1 tolucne-2,4-diisocyanate 

BEBP bis(2-hydroxycthoxy)biphenyI 

BHBP bis(2-hydroxyhexoxy)biphenyl 

HDl hexamethylene diisocyanate 

HDPE high density polyethylene 

LDPE low density polyethylene 

MDI mcthyicnebis(phenyUsocyanate) 

NlPA Msopropylacrylamide 

PAAM polyacrylamide 

P£ polyethylene 

PEO polyethylene oxide 

PET polyethylene terephthalate 

PEU polyester urethane 

Poly(THF) poly(teirahydrofuran) 

POSS polyhedral, oligomeric silsesquioxane 

PS polystyrene 

PVC poIy(vinyl chloride) 

strain fixity rate 

strain recovery rate 
SC switching segment content 

glass transition temperature 
r„ melting temperature 

7"u*ii switching temperature 

maximum strain in the cyclic ihermomcchanical 

test 

(J tensile stress 
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